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Thermoelectric (TE) materials are capable of directly converting heat into 
electricity and vice versa. Potential areas of application for TE materials are processes 
with large quantities of wasted heat, such as industrial furnaces, power plants, or even in 
the exhaust pipe of automobiles. The recovery and transformation of heat into electricity 
is done without moving parts in the integration of TE materials in a thermoelectric 
generator, which comprises TE couple/s and heat exchangers for the hot and cold sides 
of application. 
The conversion efficiencies (figure-of-merit) of TE materials and TE multicouples 
strongly depend on temperature. The former, figure-of-merit of materials, which often 
begins with an upward trend proportional to temperature can also plateau or decrease its 
value when higher temperatures are reached. Complementary, the conversion efficiency 
of a TE multicouple, which relates to the applied temperature gradient, follows a similar 
pattern to the figure-of-merit of materials. This multicouple efficiency increases with the 
temperature difference, though some concerns have been raised about the accuracy of TE 
performance measurements under large gradients. Nonetheless, the industry and 
research communities have the common aim of achieving thermoelectric applications 
comprising TE multicouples that function under high temperatures with larger gradients. 
Alternatively, this push towards higher temperatures in thermoelectric 
applications raises important engineering problems that are seen in the fabrication 
process for TE multicouple and during operation. Since the components in a multicouple 
comprise not just TE materials but also metallic electrodes, diffusion and undesired 
chemical reactions between the elements on both parts could become problematic during 




the interfaces of the TE materials and electrode components are critical for the future of 
thermoelectric applications. The fabrication of contacts is often approached via a direct 
or indirect joining process. A direct process involves the use of either temperature, or 
temperature and pressure for joining the parts, whereas an indirect process usually 
entails the deposition of a diffusion barrier layer before joining the electrode to the TE 
material. In addition, diffusion barrier layers are critical components for medium to high 
temperature TE multicouples because diffusion rises with temperature. 
The work in this thesis investigates the joining of a mid-temperature TE material, 
lead telluride (PbTe), to a nickel metallic electrode, in order to obtain an effective contact 
between the parts. Following the characterization of the obtained joints, p- and n-type 
PbTe thermoelements were integrated in a PbTe thermoelectric multicouple with Ni 
interconnectors and alumina plates.  
The choice of p- and n-type PbTe compounds is due to their outstanding 
performance among TE materials in the 500 to 900 K temperature range, whereas nickel 
was preferred over other electrode materials based on the literature on PbTe-based 
joining procedures. One of the major challenges in the process of joining PbTe to any 
metallic electrode is the thermal compatibility at operating temperatures between the 
parts, due to the high coefficient of thermal expansion (CTE) of lead telluride, 
20 × 10−6 K−1. Therefore, nickel (13.4 × 10−6 K−1) and copper (16.7 × 10−6 K−1) with 
high CTEs are common choices among the metals for PbTe joining processes. In this work, 
Cu was disregarded, however, due to its severe reactivity with PbTe, and only nickel was 
chosen, based on prior promising joining studies of n-PbTe to Ni foil. 
The research produced in this work was completed using spark plasma sintering 
(SPS) equipment for the direct bonding of PbTe to Ni. Control of the equipment was 




to supply the necessary electrical current using the temperature of bonding as the control 
variable; and (ii) direct control of the supplied electrical current, bypassing the system’s 
PID. In addition, different set-ups of the PbTe/Ni assembly were undertaken. These, used 
powder and bulk PbTe samples to generate a diffusion barrier layer simultaneously with 
the joining of parts. One of the significant differences between approaches, that is possible 
with the latter, is the avoidance of graphite dies for bulk samples. This method has an 
impact on the path taken by the electrical current during the process, which improves the 
reliability of the bonding. 
The microstructures of obtained p- and n-type PbTe/Ni bonded samples were first 
investigated using high resolution scanning electron microscopy (SEM). This allowed 
confirmation of a homogeneous diffusion barrier layer (interphase) generated during the 
joining procedure. Thereafter, more extensive microscopy work was done to confirm the 
intermetallic crystallographic phase and grain orientation formed at the interface of PbTe 
and Ni. This study was undertaken via the electron backscattered diffraction (EBSD) 
technique, which presented problems of pseudo-symmetry that were solved using a 
method involving the substitution of equivalent crystal structures.  
Additionally, tests on the thermal stability and electrical resistance of the 
generated interphase between p- and n-type PbTe and Ni were performed. The chemical 
stability of the interphase was investigated after thermal aging at 823 K for 360 hours 
under vacuum. The results showed good integrity of the interphase compound, meaning 
that no further increase in the intermetallic layer thickness and no diffusion of elements 
into the TE material were observed. In regards to the electrical resistance measurements 
for p- and n-type joints, these resulted in values of 1.87 mΩ, and 0.273 mΩ, respectively. 




Measurement System (PPMS), which also allowed for V-I curves of samples that showed 
linear behaviour in p- and n-type samples, indicative of ohmic contacts.  
With the above outlook in mind, the improvement of the PbTe/Ni joints 
undertaken in this thesis was structured in the following manner. Each of the result 
chapters describes a successful joining procedure, which led to successive changes in the 
methodology and assembly to obtain a thinner interphase with still effective diffusion 
barrier characteristics. 
Chapter 4 describes a technique to achieve high-quality bonding between PbTe and 
Ni electrode. The successfully performance of one-step sintering of nickel electrode to n-
type PbTe powder, using the spark plasma sintering equipment, generated an interphase 
composed of nickel telluride, which was continuous and homogeneous across the junction 
without visible flaws on the electrode or in the interphase, and PbTe. To evaluate the long-
term thermal stability of the fabricated bond, an aging test was conducted at 823 K for 
360 hours under vacuum. The microstructures and chemical composition of the 
fabricated bonding and the aged sample were investigated in detail by SEM equipped with 
energy dispersive X-ray spectroscopy analysis. No excess reaction was observed between 
the electrode and the thermoelectric material after aging, supporting the formation of a 
chemically stable interphase, which acts as a diffusion barrier. Degradation of the PbTe 
was detected after aging, however. The fabricated interface meets the required criteria 
for maximum efficiency of PbTe materials. The text in this chapter has been published as 
an article [1].  
Chapter 5 presents a study of the intermetallic compound at the PbTe/Ni interface, 
which was found to be β2 Ni3±𝑥Te2 phase of the Ni-Te binary system. The complexity of 
the β2 phase in the Ni-Te system has been investigated using EBSD analysis. The supposed 




issues were solved with the substitution of crystal structure via a derived virtual 
tetragonal crystal structure. The calculation of the tetragonal crystal structure was 
accomplished using PSEUDO software from the Bilbao crystallography server. The use of 
such program allowed for a better understanding of the disorder-order structural 
transition occurring in the β2 phase. This text was recently submitted for publication: X. 
Reales Ferreres, S. Aminorroaya Yamini, A. A. Gazder. “Resolving pseudo-symmetry and 
understanding the disorder-order transition in the β2 phase of nickel telluride”. 
Submitted. 2018. 
Chapter 6 is an investigation of the successful bonding of the bulk p-PbTe to Ni 
electrode to generate a diffusion barrier, avoiding continuous reaction of the 
thermoelectric legs and conducting electrodes at the operating temperature. The initial 
SPS bonding method in Chapter 4 was modified to join Ni electrode to bulk PbTe by 
driving the total supplied electrical current through the Ni and PbTe solid interfaces. This 
permits the formation of a thin diffusion layer, roughly 4.5 µm in thickness, which is solely 
comprised of nickel telluride. This new technique for the bonding of PbTe with the 
electrode is beneficial for thermoelectric materials, since high temperatures have proven 
to be damaging to the quality of the bulk material. The interphase microstructure, 
chemical composition, and crystallographic information were evaluated by SEM equipped 
with EBSD. The obtained phase at the Ni/PbTe contact is found to be β2 Ni3±𝑥Te2 with a 
basic tetragonal crystallographic structure of the defective Cu2Sb type. The text in this 
chapter has been published as an article [2].  
Chapter 7 presents a continuous, stable diffusion barrier layer between the PbTe 
TE material and the Ni conducting electrode produced using the current-controlled SPS 
technique. This new method creates a diffusion barrier layer by utilising the melt 




resistance spot welding process. The current-controlled SPS process bonds the solid 
workpieces in seconds, which is a fraction of the time required to fabricate interphase 
layers using powder components, as in Chapter 4, or minutes, as in in Chapter 6, with the 
common temperature-controlled SPS. This substantially reduced time of bonding 
compared to previous methods is beneficial to the TE properties of materials due to their 
limited exposure to high temperatures, which occasionally are much higher than the 
operating temperatures of multicouples. The text in this chapter has been published as an 
article [3]. 
Finally, in Chapter 8, PbTe thermoelements bonded using the welding technique 
described in Chapter 7 are integrated in a TE multicouple. The construction of the 4-
couple TE multicouple prototype includes Ni strips as metallic interconnectors for n- and 
p-type thermoelements. The cold side joining for the thermoelements and the Ni 
interconnectors is achieved using soldering paste, since the expected temperature is 
below 373 K. On the other hand, the joining of thermoelements to Ni strips in the hot side 
is established via physical pressure due to their exposure to high temperatures. The Ni 
interconnectors were placed on alumina plates (chosen as TE multicouple substrates) 
using a sticky thermal paste to increase heat conduction. The multicouple was tested in a 
home-built device where the cold side temperature is kept at 313 K using an external 
chiller with the testing system. The electrical measurements of open circuit voltage and 
short circuit current were acquired during the heating and cooling steps, respectively. The 
calculation of maximum power output at particular temperature gradients was based on 
the open circuit voltage and measured internal multicouple resistance. The maximum 
obtained power was 320 mW at a temperature gradient of roughly 500 K. 
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The growing influence of climate change [4, 5], global warming [6, 7], and the 
efforts to slow them down has motivated sustainable energy projects and the construction 
of environmentally friendly energy generation plants, as well as methods to increase their 
efficiency [8-11]. Thus, thermoelectric generators (TEG) have attracted industry and 
research interest due to their ability to harvest waste heat [12-14]. As can be observed in 
Figure 1.1, the amount of rejected (or wasted) energy in the U.S. for the year 2016 reached 
as high as 68.3 % of the total produced energy via the various sources on the left-hand 
side of the image. This comes as a result of highly inefficient processes, mainly in the 
industrial and transportation sectors, as shown in Figure 1.1. These sectors require high 
temperatures, which are beneficial to the efficiency and power production of 
thermoelectric generators.  
Low-temperature applications (up to 473 K) have been successfully 
commercialised [15] in very niche applications for TEG. Reaching out to systems where 
higher temperatures are available, however, would be a boost for thermoelectric 
technology. Both n-type and p-type lead telluride (PbTe) are among the leading TE 
materials within the 700 – 900 K temperature range for TE multicouples, though 
operating temperatures above 825 K are not recommended due to sublimation issues. 
Joining the thermoelectric materials to a metallic electrode is crucial, however, for the 
performance of high temperature multicouples, since the maximum operating 
temperature and generated power of a TE multicouple are dependent on the preservation 
of ohmic contact between the parts. 
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The current study investigates the generation of a suitable contact between PbTe 
and Ni electrode. The formation of a diffusion barrier layer in high temperature 
applications is also essential because the diffusion of elements can damage the TE 
multicouple performance. Therefore, the study presented here uses spark plasma 
sintering (SPS) in order to obtain ohmic contacts for both n-type and p-type lead telluride 
while forming an effective diffusion barrier. 
Chapter 2 contains a literature review, providing the necessary background to this 
thesis. 
Chapter 3 covers the equipment and methods used in this thesis work. 
Chapter 4 describes the joining of powder n-PbTe to Ni plate in a one-step sintering 
process, generating a thick 27 µm layer of intermetallic compound at the contact. The 
chapter also shows that the interphase is chemically stable after an aging test is 
performed at 823 K for 360 hours. 
Chapter 5 presents the microscopic analysis using electron back-scattered 
diffraction to investigate the chemical composition and grain orientation of the generated 
interphase. The study shows that there are signs of pseudo-symmetry issues, which are 
solved with the substitution of a high symmetry crystal structure. 
Chapter 6 concerns the joining of bulk sintered samples of p-PbTe to Ni plate by 
SPS without a graphite die surrounding the assembly. This permits the total electrical 
current supplied by SPS to pass through the PbTe/Ni contact. The result is a thinner 
interphase than with powder PbTe.  
Chapter 7 considers the bonding of n-PbTe to Ni plate using the bulk sintered 
samples in an electrical current-controlled SPS procedure. This allows for better control 
of the bonding parameters. Moreover, an even thinner interphase is achieved with a 
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shorter fabrication process, which reduces the one hour of sintering required with the use 
of powder PbTe to only a few seconds. 
Chapter 8 concludes this research by the fabrication of a 4-couple TE multicouple 
prototype and its characterization in a high temperature testing device. The test is 
conducted in home-built equipment which uses the open circuit voltage and short circuit 
current to measure the maximum power output and efficiency of the prototype. 
Chapter 9 provides a general summary of the research and the outlook for future 
work based on it.     
 




Figure 1.1. Sources of energy production and estimated energy consumption for the U.S in 2016 [16] 
 




2. Literature Review 
2.1. Thermoelectric phenomena 
Thermoelectric (TE) properties are described by multiple effects. The main effects 
describing the TE phenomena are the Seebeck, Peltier, and Thomson effects, all of which 
are thermodynamically reversible. The Seebeck effect represents the generation of 
electricity via an applied temperature gradient. Alternatively, the Peltier effect presents 
itself when an applied potential difference generates a flow of phonons along the material 
[17]. The Thomson effect was first observed by Lord Kelvin in 1854 while demonstrating 
the relationship between the other two effects. 
2.1.1. The Seebeck effect 
The Seebeck effect was discovered by physicist Thomas Johann Seebeck in 1821. 
The effect was first seen when a closed circuit assembly, formed by two different metals, 
deflected a needle when a temperature gradient was applied between the junctions. Due 
to the different responses of each metal to the temperature gradient, an electrical current 
and a magnetic field were created [18]. 
In Figure 2.1(a), the two metals are connected through a metal strip, electrically in 
series and thermally in parallel. It is when the hot junction of the assembly receives an 
input of heat that an electromotive force (emf), here called the Seebeck effect, is 
generated, so that there is a voltage drop and an electrical current starts flowing through 
the assembled metals. 
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Consequently, the Seebeck coefficient (S) is measured by the generated voltage 






Where ∆𝑉 is the voltage differential and ∆𝑇 the temperature gradient. 
2.1.2. The Peltier effect 
The Peltier coefficient is the driving effect for cooling and heating applications 
using TE materials. In 1834 Jean Charles Athanase Peltier observed that, if current flowed 
through the junctions of a closed circuit composed of two dissimilar metals, heat would 
be absorbed or removed at the junctions. This occurs due to the imposed emf that moves 
charges from one junction to the other (Figure 2.1(b)). This heat flux, ?̇?, at the junctions 
is postulated as [18, 19]: 
?̇? = (𝛱𝐴 − 𝛱𝐵) 𝐼 2.2 
where 𝛱i describes the Peltier coefficient defined as the amount of heat per unit of 
charge.  
The Peltier effect is not the only phenomenon at the junctions when electric 
charges flow through the metals, since resistive heating, known as Joule heating, also 
releases heat when an electrical current (I) goes through a material. The equation for this 




Joule heating is an irreversible effect, however, compared to the reversibility of 
both TE phenomena. 






Figure 2.1. (a) Carriers diffuse from the hot to the cold junction when heat is 
imposed on the system, illustrating the Seebeck effect and generation of power at 
RL. n-type semiconductors contribute negative charges (electrons), whereas p-type 
semiconductors contribute positive charges (holes). (b) If , instead, power is 
supplied to the system, the moving charges generate a temperature gradient 
between the junctions. This represents the Peltier effect for cooling or heating 
purposes. 
2.1.3. The Thomson effect 
When the Seebeck coefficient is considered to be temperature dependent, then the 
Thomson effect must be included. The Thomson coefficient, 𝑘T, can be calculated by 
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2.2. Thermoelectric materials 
The selection of a TE material is determined to suit the system’s operating 
temperatures. This relates to the highest figure-of-merit, zT, of material at the required 
temperature of the application. The zT of a TE material, calculated using Equation 2.5, is 
a simple way to compare a material’s performance in terms of its essential thermoelectric 
transport properties: (i) its Seebeck coefficient, (ii) its electrical conductivity (σ) or often 










Systems functioning at low temperature, up to 450 K, often use bismuth-based 
alloys, since they are recognised to have the highest zT values in such a temperature 
range. At medium temperatures, up to 850 K, lead chalcogenide compounds are the most 
promising and most commonly studied. Finally, at higher temperatures of around 1300 K, 
silicon germanium alloys are known to perform the best [20]. Figure 2.2 illustrates the 
temperature dependent zT values of TE materials established since the year 2000. It is 
worth mentioning that the large variety of lead chalcogenide compounds, doped both p- 
and n-type, have the highest values of zT in the 600 to 900 K temperature range. 




Figure 2.2. Different classes of n- and p-type TE materials with their highest 
obtained zT values and the year in which they were measured [21]. 
2.2.1. Lead chalcogenides 
Lead chalcogenides are known for their high thermoelectric performance in both 
n-type [22-24] and p-type [25-27] compounds, and they are the leading materials at 
temperatures ranging from 500 to 900 K. This makes them an excellent choice as 
materials for solid-state thermoelectric generators (TEGs) [15, 28] that are designed for 
harvesting waste heat [8].  
The crystal structure of lead chalcogenide materials is described as NaCl type with 
a face-centred-cubic symmetry. Common compounds in this group of materials are PbS, 
PbSe, and PbTe, with densities of 7.61, 8.27, and 8.24 (g cm−3), respectively [29, 30]. The 
current increasing interest in lead chalcogenides materials is based on the low thermal 
conductivity that all of them exhibit. This is due to their anharmonic lattice dynamics, 
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significant cation disorder, and thermal lattice distortions [31], which provide such TE 
materials with excellent performance. 
Among the lead chalcogenides, lead telluride (PbTe) based materials are known for 
the large values of their Seebeck coefficient at high temperature. This condition is 
understood to be the result of a high density-of-states in the heavy-hole band and the 
complex mechanisms of convergence at high temperature of the two balanced bands: the 
light-hole band and the low energy heavy-hole band [32, 33]. PbTe TE materials have been 
used in the past for radioisotope thermoelectric generators (RTGs) [15] on the various 
NASA space missions (Pioneer and Viking [34]), and more recently have been studied for 
terrestrial applications [35], such as combustion engines in vehicles [36, 37], industrial 
plants [38], or concentrating solar thermoelectric generators [39]. This new interest in 
applications is due to the latest improvements in these materials’ zT, as shown in Figure 
2.2. 
2.3. Thermoelectric multicouples 
TE multicouples can perform as heating/cooling devices; using electricity as an 
input to absorb or release heat from the surroundings, and they can also function as 
electrical generators; converting heat into electricity. The possible applications for these 
two mechanisms lead to many attractive traits in TEGs, such as no moving parts, light 
weight, simplicity (low cost), and easily scalability from small to medium size 
multicouples [14, 40]. 
Multicouples for heating and cooling purposes are controlled via the Peltier effect, 
where the absorbed and dissipated heat at the junctions is a function of the passing 
electrical current. This driving electrical current for cooling multicouples is often limited 
to a maximum value, so that losses by Joule heating, dependent on the square root of I, as 
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seen in Equation 2.3, do not become significant and hinder the TE multicouple’s efficiency. 
In order to quantify the cooling capability of multicouples, the coefficient of performance 
(COP) is defined as the ratio between the absorbed net heat (𝑄abs) and the supplied 






Examples of this type of multicouple are found in computer cooling technology 
[42], as well as in the automobile industry as substitutes for conventional heating, 
ventilation, and air-conditioning (HVAC) systems [43]. 
On the other hand, TE multicouples are solid-state devices converting heat into 
electrical power using the Seebeck effect. A number of p- and n-type TE materials are 
electrically assembled in series and thermally in parallel, allowing Q to travel through the 
material from the hot to the cold side ends. The generated voltage across a TE multicouple 
is usually used across a resistor, allowing the extraction of P. The possible quantity of P 
extracted from the supplied Q is limited by the efficiency of multicouple (η), as seen in 
Equation 2.7, [14]. 
𝑃 = 𝜂𝑄 
2.7 




√1 + 𝑍?̅? − 1





where 𝑇h and 𝑇c are the respective temperatures at the hot and cold side junctions 
of the multicouple, and ?̅? is their average temperature. The 𝜂 of a TE multicouple is always 
limited by the Carnot efficiency [44], described as (𝜂c =
∆𝑇
𝑇h
) representing the ratio 
between the gradient of temperature and the hot side temperature. 
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The appearance of 𝜂Carnot sets a ceiling on the value for total TE multicouple 
efficiency. The second term in Equation 2.8 includes the parameter 𝑍?̅? (dimensionless 
figure-of-merit of a thermoelectric multicoupole at the average value of operating hot and 
cold side temperatures). This dimensionless parameter is used to define the performance 
of a TE multicouple, which needs to be distinguished from zT, introduced before and 
representative of the performance of a TE material.  
Today, heating/cooling thermoelectric multicouples are already being applied in 
high-end lines of automobiles. On the other hand, TEGs are still under research in order 
to effectively apply them for waste heat recovery in combination with other power 
sources, such as concentrated solar thermal systems [45], biomass [46], and flat solar 
panels [47]. 
2.3.1. Figure-of-merit of multicouple (ZT) 
Nowadays, the measurement of the multicouple figure-of-merit, ZT, can be 
approach via a direct method, the Harman method [48, 49], or alternatively, by using an 
indirect approach.  
The indirect method implies the separate measurement of thermoelectric 
properties: S, 𝜌, κ to later be used in the calculation of TE multicouple ZT [50]. This is the 
most commonly used method because measurements of thermoelectric transport 
properties are widely available to researchers. Nonetheless, an understanding of the best 
measurement techniques for these singular thermoelectric properties is important, since 
significant inaccuracies can lead to imprecise values, as reported in detail by Borup, K. A. 
et al. [51]. 
 Equation 2.10 shows the parameters involved in the 𝑍?̅? calculation, where ?̅? is the 
average temperature across the TE multicouple during operation. Consequently, values 
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of the Seebeck coefficient, thermal conductivity, and electrical resistivity for p- and n-type 
materials are also taken at the average temperature of operation. The term 𝑆pn in the 
Equation 2.10 below is obtained by addition of the average values of the Seebeck 
coefficients for the n- and p-type TE materials. Moreover, the same approach can be 
adopted for the electrical resistance of the multicouple. The average values of resistivity 
for each TE material are used to calculate each resistance via Equation 2.9, which are then 





where l is the length of the TE material and A its cross-sectional area. 
















Errors in the indirect and Harman methods exist, however, because the 
calculations of temperature dependent parameters are made under small temperature 
gradients. The techniques used for experimental measurements of S, σ, and κ never exceed 
temperature gradients above 10 K [51]. Hence, errors appear when the same values 
acquired under small ΔT are assumed for larger temperature differences of the 
multicouple. Proof of this is in Gao Min’s article [52], where it is reported that an increase 
in ΔT in the multicouple gradually decreases the value of ZT, which is partially due to the 
Thomson effect. On the other hand, D. Kraemer and G. Chen [53] report a close agreement 
in values between experimentally measured ZT, using a home-made device, and ZT 
obtained via theoretical calculations using an average approach to thermoelectric 
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properties. The discrepancy between Min’s paper [52] and Kraemer’s and Chen’s [53] 
speaks to the uncertainty in ZT and the need of a standard method to measure or calculate 
the ZT of multicouples. 
2.4. Theoretical calculations for thermoelectric generator 
The performance of a TEG, implying power output and efficiency, can be estimated 
using theoretical calculations. Ideally, it helps to design the optimal structure of a 
multicouple before engaging in a more complicated field such as computational 
modelling. 
The following equations are extracted from the Handbook of Thermoelectrics [54, 
55] and they refer to efficiency, power output, and power per unit area . Optimization for 
maximum efficiency and power by the theoretical equations considers different 
configurations of cross-section and length of TE materials, as well as the ratio between 
external and internal electrical resistances, 𝑅ext and  𝑅int,, respectively. 
Figure 2.3 shows a schematic diagram of a couple (two TE materials 
interconnected) with the various parameters that must be considered to proceed with the 
theoretical equations. Then, the following equations refer to a single couple configuration, 
although they can be translated to a larger configuration of connected couples by simply 
multiplying by N, N being the number of couples. This extrapolation can only be made in 
electrical power calculations since the efficiency of a multicouple is independent of the 
number of couples. Figure 2.3(b) presents an electric schematic diagram for a TE 
multicouple defined as an electric pile connected in series with a resistor representing 
internal resistance (Rint). 





Figure 2.3. Schematic illustration of a couple and its geometrical and electrical 
variables for the calculation of the efficiency and power output of a thermoelectric 
multicouple. 
2.4.1. Efficiency 
The total efficiency for the thermoelectric generator represented in Figure 2.3(b) 










and the input heat (𝑄h) is calculated using internal variables of multicouple: 




where K is the conductance of the couple, and Δ𝑇 the temperature gradient across 
the multicouple. Then, using the defined value of 𝑄h, the equation for Carnot efficiency 
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(𝜂c), and the relation between external and internal resistance (µ =
𝑅ext
𝑅int
), Equation 2.11 











Further simplification of the parameters could be made when the product KR is 
presented as a function of the dimensions of the TE material 𝐴 𝑙⁄  for n- and p-type 
materials. This factor is defined as (𝜓 =
𝐴n 𝑙n⁄
𝐴p 𝑙p⁄
), leading to a TE efficiency dependent on 
factors µ and 𝜓, 𝜂t = 𝜂t(µ, 𝜓). Moreover, assuming that both lengths of TE materials are 
equal, 𝑙 = 𝑙p = 𝑙n, and using the definition of Ioffe for zT [19], the final definition of TE 
efficiency is expressed as function of (𝜇, 𝑍) where the variable Z for multicouple is 











2.4.1.1. Optimization for maximum efficiency 
Equation 2.15 is optimized by minimizing the two variables on which it depends, 𝜓 






(𝜂t)ψ = 0) in Equation 2.15 
gives the optimum relations for maximum efficiency. 










µo,η = √[1 + 𝑍?̅?] 2.18 
Resulting in optimal total efficiency as: 










2.4.2. Power output and optimization for its maximum 
Using the defined relations between parameters in the calculation of TE efficiency, 






= 𝑃o(µ, 𝑅) 2.20 
 
where 𝑉oc is the open circuit voltage in Figure 2.3(b). 
Then, optimizing the power output for a fixed resistance R leads to the condition, 
𝜕
𝜕µ
(𝑃𝑜)𝑅 = 0. Solving Equation 2.20 for such a condition indicates that the maximum 
power is obtained when 𝜇 = 1, or, what is the same, that internal and external resistances 






2.4.3. Power per unit area and optimization for its maximum 
The definition of power per unit area, assuming equal lengths for both 










Factor 𝐴t𝑅 in the denominator of Equation 2.22 is only dependent on the 
previously defined relation 𝜓. Therefore, similar to the optimization of efficiency, the 







(𝜙)𝜓 = 0 ). The derivation of Equation 2.22 for such conditions gives values 
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(µ𝑜𝜙 = 1, 𝜓𝑜𝜙 = √
𝜌𝑛
𝜌𝑝
) for maximum power output per unit area. The final value of such 
being: 





It is an important observation that, according to Equation 2.23, the maximum 
power output per unit area is obtained when the length of the TE material tends to zero. 
Obviously, this is an ideal case that cannot be realistically accomplished. Instead, the 
optimum length of the TE material to maximize power is interdependent with the thermal 
flux and thermal resistances involved in a TEG, where the TE multicouples and heat 
exchangers are linked so that the thermal resistances can be matched [56, 57]. 
2.5. Thermoelectric generator 
The basic entity of a TEG is a couple, also called a “thermocouple”, as seen in Figure 
2.1(a). This consists of an n-type and a p-type thermoelement (also called thermoelectric 
leg), which are electrically connected in series via a metallic interconnector strip. The 
couple is the smallest possible design of a TEG, and it is considered the essential structure 
in any thermoelectric multicouple, as shown in Figure 2.4. To simplify in larger 
applications with more than one TE multicouple, however, it is the TE multicouple that is 
referred to as the building block of a TEG system, composed of multiple TE multicouples 
[58].  
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Generally, the choice of material for any given TE multicouple is dependent on the 
material’s zT at the operating temperature of multicouple. It can be observed in Figure 
2.5, however, that the zT of a material is not constant with temperature and that its 
maximum value only exists over a short range of temperature. Hence, other approaches 
to a single TE material in a TE leg are studied in the form of cascade [59] or segmented 
[60] designs of TE multicouples. These are proven to yield better power performance [61-
63]. 
 
Figure 2.4. Thermoelectric multicouple with thermoelements connected electrically 
in series and thermally in parallel via metallic interconnector strips. Ceramic plates 
are placed on the top and bottom so that the heat can travel from the hot to cold 
junction and the electrical assembly is protected. 




Figure 2.5. Temperature dependent zT values of bulk TE materials (with the dashed 
lines showing values for bulk state-of-the-art materials, and the solid lines showing 
recently reported zT values). [64] 
Similar to the choice of TE material for a single stage multicouple (maximum zT for 
the application temperature range), past methods to determine TE materials in a 
segmented leg were also based on the highest zT of materials for the required 
temperature ranges [65, 66]. Ursell and Snyder [67], however, argue in their study of the 
“compatibility of segmented thermoelectric generators” that the aforementioned 
approach to a segmented TE multicouple can be detrimental to the global performance of 
the multicouple. Therefore, the authors created the factor of compatibility, defined as 𝑠 =
(√1 + 𝑍?̅? − 1) 𝑆?̅?⁄ , which is only a function of the intrinsic material properties and 
temperature, to help the choice of materials in multistage multicouples. The compatibility 
factor represents the ratio of electrical current to conduction heat along the length of a 
material and it is required to not change with temperature for maximum TE efficiency. 
The compatibility factor does not only help improve the choice of TE materials used in 
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cascade or segmented multicouples, but also in single stage multicouples since the value 
of s must be uniform within any material under a temperature gradient. 
2.5.1. Components on a single stage TE multicouple 
A single stage TE multicouple consists of different parts, as shown in Figure 2.6, to 
make a Π-shaped [68] TE multicouple work effectively. Taking an inside out approach, the 
couple, recognised as the basic block for a TE multicouple, is composed of two TE 
materials that are n- and p-doped. Then, to allow the flow of electrons when a temperature 
gradient is imposed, the two TE materials must be electrically connected in series via a 
metallic interconnector strip. This connection is often not direct, however, an electrode 
material interfaces between the two components. Last, an electrical insulator and thermal 
conductor is placed on the top and bottom of the interconnector assembly so to avoid 
short circuits and allow the transfer of the maximum amount of heat provided at the hot 
side junction. The common materials for these pieces are ceramic compounds because 
they are good electrical insulator and efficient thermal conductors. Alumina is the main 
choice due to its low market price, though boron nitride is also used due to its better 
thermal conductivity. The disadvantage of ceramic materials is their low flexibility, so in 
small wearable TE multicouples, flexible glass fabric is used as a substitute [69].  




Figure 2.6. Schematic illustration of the different elements involved in a couple type 
TE multicouple with the contact resistance types. 
In Figure 2.6, it can be observed there are contact resistances between the parts of 
a TE multicouple. These are often the cause of poor TE performance of the multicouple as 
well as a problem for fabrication reliability. Contact between the metallic interconnector 
and the ceramic plate must provide excellent thermal performance. In addition, the 
contacts of an electrode to the TE material and interconnector are critical to the global 
performance of the multicouple and must provide good thermal and electrical 
conductivity. 
2.5.2. Electrode and contact resistances. Their influence on the 
performance of a TE multicouple 
The total resistance in a TE multicouple for the purpose of more realistic 
calculations needs to include the influence of the electrode and its contacts on the TE 
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material, as seen in Figure 2.6. The term and units of contact resistance (𝜌c) were 
standardized for comparison purposes in accordance with its definition as the product of 
the electrical resistance and the contact area, so 𝜌c has units of μΩcm
2. The influence of 𝜌c 
on ZT is presented in Equation 2.24, where a higher contact resistance decreases the ZT 
[70, 71] of a TE material under the multicouple operating temperature difference. Ideally, 
the 𝜌c is often required to be below a certain value for the TE multicouple to be efficient, 








Obviously, the negative influence of the contact resistance on the ZT also decreases 
the multicouple’s TE efficiency. The reasons for the efficiency decreasing are (i) a decrease 
in the generated electrical current, and (ii) the rise in temperature at the junctions of the 
TE material/electrode, which disrupts the temperature gradient ,thus decreasing the 
generated Seebeck coefficient along the TE leg [72]. 
With the above in mind, obtaining a good contact is critical for the fabrication of TE 
multicouple. This, however, entails several challenges. The high temperatures required 
for operation make the generation of contacts difficult due to thermal mechanical stress, 
as well as diffusion and undesired chemical reactivity between the elements at the 
junctions [73]. In order to achieve good contact between materials, the junction must fulfil 
requirements such as mechanical and chemical stability, in addition to low thermal and 
electrical resistance. The latter is rather important, and to achieve minimum electrical 
resistance, an ohmic contact is desirable between the semiconductors and the metallic 
electrodes. Ohmic contact is a critical goal to achieve for high power and high temperature 
applications, although difficulties in achieving low contact resistivity are found when 
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bonding wide-band-gap semiconductors [74], for instance, in the particular case of p-type 
materials due to the forbidden band gap [75]. 
2.5.2.1. Requirements for electrode material 
The choice of material for the electrode has to meet some necessary requirements: 
(i) electrical and thermal conductivities must be higher than those of the TE material, 
hence the common use of metals; (ii) the coefficients of thermal expansion (CTE) for the 
TE material and the electrode need to roughly match, so that the join has stability during 
thermal cycling; (iii) it needs to be relatively thin to have a small impact on the thermal 
[76] and electrical resistance of a TE leg; (iv) the contact with the TE material must retain 
low resistance with desirable ohmic behaviour [77]; (v) there must be chemical stability 
in the interaction with the TE material over the operation time of the TE multicouple [78]; 
and (vi) a mechanical bond to the TE material must be formed in order to have mechanical 
stability [79]. 
2.6. Bonding of TE material to electrode 
The correct choice of electrode is a critical factor for the functionality of any TE 
multicouple, which also presents one of the biggest challenges in its fabrication. This 
relates to the bonding process of the electrode to the TE material and bond reliability. Due 
to the various temperature ranges where TE multicouples can operate, the solutions to 
obtaining a good bond between the parts are also different.  
Low temperature TE multicouples often use direct soldering between the parts as 
the bonding technique. Due to the poor wettability of some TE materials, however, their 
metallization is required to improve adhesion to the electrode [80]. This metallization of 
the TE material can be achieved via thermal evaporation, sputtering, chemical vapour 
deposition, or electroplating [79, 81]. The imposed metal layer between the solder and 
Chapter 2: Literature Review 
23 
 
the TE material impedes possible diffusion of elements under operating conditions, and 
hence, it acts as a diffusion barrier. Nickel is a common choice as diffusion barrier for the 
metallization process of a TE material. Bismuth telluride p- and n-type compounds were 
found to be successfully joined to a Ni diffusion barrier, although during the post soldering 
process, degradation of the p-type performance was caused by extra Ni diffusion [82]. The 
addition of a barrier layer is not only used in low temperature multicouples but also in 
mid to high temperature TE multicouples, because when operating with large 
temperature gradients, thermal and electrical migration can occur, damaging the TE 
material properties. The bonding of a diffusion barrier to the electrode at high 
temperatures cannot be achieved via soldering, since the melting temperatures of 
bonding compound must be higher than those operating in the multicouple [72]. 
Therefore, alternative methods involving high temperatures and high pressures are 
utilized for high temperature TE multicouples. For this purpose, hot pressing equipment 
[83-87] has gained interest because it allows the possibility of joining TE materials to the 
electrode while simultaneously sintering the material. Similarly, electric-current-assisted 
sintering methods such as spark plasma sintering (SPS) have been used to form reliable 
contacts [88-90]. SPS has drawn more attention than the usual hot press machines due to 
its two notable advantages of low sintering temperatures and short consolidation times. 
These advantages of SPS are caused by the intrinsic electrical current in the apparatus, 
which, via Joule heating and under a uniaxial force on the sample, produces high density 
bulk products with improved mechanical properties [91]. 
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2.6.1. Requirements for diffusion barriers 
Thermoelectric materials are joined to metal electrodes either through direct 
reaction [84] or by fabricating intermediate layers as diffusion barriers [79]. In either 
case, the obtained interphases are required to exhibit certain requirements:  
• Inhibit continuous reaction between the thermoelectric materials and the 
electrodes [78]; 
• Provide mechanical stability with no major defects or fractures [79]; 
• Possess low thermal resistance [76] to allow easy path for travelling heat 
flow; 
• Create ohmic contacts with low electrical resistance to eliminate voltage 
thresholds at the junction, which can diminish the total performance of the 
TE multicouple [77].  
2.6.2. Spark Plasma Sintering equipment 
The working principle of an SPS apparatus can be observed in Figure 2.7. The 
apparatus includes a mechanical loading system, which also acts as the base for the 
electrical circuit. The set-up is contained in a controlled atmosphere, either in vacuum or 
in an inert gas. The tooling materials in the equipment must be of high electrical 
conductivity such as stainless steel or graphite, as seen in Figure 2.7. This allows for low 
voltages in the process (usually contained below 10 V), so high electrical currents (up to 
10 kA, depending on the model) can be supplied into the sample, leading to an effective 
Joule heating process [91]. Moreover, due to the possibility of pulsed DC currents in the 
system, the sintering processes are significantly shorter in time. Because of the 
simultaneous uniaxial forces applied to the sample while the heating process is in place, 
SPS is known to yield high densification results.  




Figure 2.7. Schematic diagram of parts in spark plasma sintering equipment. 
Pellet samples usually come from sintered or reaction-sintered powdered 
materials [92]. The powders are contained inside a die, usually made of graphite material, 
which, as seen in Figure 2.7, can draw some of the electrical current supplied by the 
equipment. Powders sintered in SPS can be conductive or non-conductive, leading to a 
totally different current distribution. Conductive powders have the majority of current 
passing through them, whereas a non-conductive powder is instead sintered by 
conduction heat coming from the die.  
Guillon et al. [91] simulated the two cases, conductive and non-conductive, using a 
finite-element software. Figure 2.8 presents the results, which complement the 
aforementioned differences in electrical current distribution. In Figure 2.8, current 
density is presented instead of just current; although it illustrates a similar distribution in 
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the assembly. Relevant information taken from Figure 2.8(a) and (b) is that high current 
densities are observed at the contact between powdered samples and the die. Moreover, 
in the specific case of TiN, currents with similar densities seem to circulate along the 
conductive powder as well as in the die. Alternatively, in Figure 2.8(b) no current 
circulates through the insulating Si3N4 material.  
Figure 2.8(c) and (d) also show the dissipated energy for both materials, which are 
interestingly different. Figure 2.8(d) shows that a large amount of heat is dissipated at the 
top and bottom surfaces of the TiN sample. Comparatively, in Figure 2.8(d), during a non-
conductive powder sintering, the maximum amount of energy is dissipated along the 
inside walls of the graphite die. 







Figure 2.8. SPS current density distribution for (a) insulating Si3N4 material and (b) 
electrically conducting TiN material. Dissipated heat for (c) Si3N4 and (d) TiN. SPS 
sintering for both materials was conducted at 1750 °C for 5 minutes in a die with a 
40 mm inner diameter. [91] 
The bonding of TE materials to electrodes using current-assisted sintering 
equipment (SPS) has been widely studied in recent years, although this sort of equipment 
was initially designed for the consolidation of powders. Nonetheless, various research 
groups have approached the bonding of TE material to suitable electrode materials using 
the SPS technique. The majority of processes involved a one-step bonding approach, 
where the sintering of TE powder and bonding to the electrode occurred simultaneously 
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[1, 88, 93-97]. Studies by R. Yang et al. [93] and J. de Boor et al. [96] focused on the bonding 
between Mg2Si and Ni, where diffusion barriers were generated by chemical reaction of 
elements during the bonding. Both studies demonstrated interlayers above 10 µm in 
thickness with different phase compounds. On the other hand, U. Anselmi-Tamburini et 
al. [98] and W. Chen et al. [99] studied the effect of SPS current and its pulsing when two 
bulk materials where bonded. The reaction studied was between Mo and Si pellet samples, 
forming MoSi2 at the contact. They discovered that the growth rate of MoSi2 significantly 
increased with the passing of electric current [98]. Alternatively, the DC pulse of such a 
current had no influence on the thickness of the interphase material [99]. 
 Reactions at the contact between the TE material and the electrode often lead to 
the growth of intermetallic compounds, which can form cracks and voids, as well as 
increasing the contact resistance between the TE material and the electrode [72]. 
Nevertheless, the necessity of diffusion barriers in mid to high temperature TE 
multicouples forces the formation of interphase compounds. Hence, it is a challenging task 
to fabricate TE multicouples to be applied in large temperature gradients. 
2.7. Lead telluride thermoelectric multicouples 
Methods for a suitable fabrication process for medium to high temperature 
thermoelectric multicouples are still under investigation. In the particular case of the mid 
temperature range, lead chalcogenides, and especially lead telluride (PbTe) material, are 
known to perform well, as discussed in section 0. Nevertheless, effective methods for 
bonding n- and p-type PbTe to different electrode materials are still being studied to 
achieve maximum performance in the TE multicouple. The formation of a diffusion layer 
is the usual approach for incorporating PbTe TE materials into TE multicouple, so the 
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aforementioned techniques for mid temperature bonds of hot pressing and SPS have been 
utilized with electrode materials such as Fe, Cu, and Ni. 
One of the key factors in choosing the right sort of electrode material is the already 
discussed similarity in CTEs between the TE material and the electrode. Lead telluride is 
known for its high CTE at room temperature, 20 × 10−6 K−1 [100], when compared to 
metallic elements: Ni, 13.4 × 10−6 K−1, Fe, 11.8 × 10−6 K−1, or Cu, 16.7 × 10−6 K−1. This 
discrepancy makes it difficult to directly bond PbTe to any of these electrodes due to the 
possible mechanical stress caused during thermal cycling and subsequent failure of the 
contact. 
The excellent zT values of PbTe in both n- and p-type compounds [22, 25, 101-104], 
is not sufficient to secure good performance of their TE multicouple, and in addition to 
the formation and characterization of contacts, the mechanical properties of materials are 
also important. In this particular case of TE multicouples fabricated from PbTe, not many 
are produced using lead telluride for both n- and p-type legs. Previous works have 
reported on the good stability of n-type PbTe, and its easy bonding to metallic electrodes, 
in contrast to p-type PbTe. The latter is suggested to have poor mechanical properties, be 
unstable at high temperatures, and be difficult to bond [105, 106]. Hence, p-type PbTe 
alloyed with Sn element can be a suitable substitute [107]. This can also cause problems 
for the bonding with metallic electrode, however, due to the strong reaction of Sn element 
with metals, for instance, with Ag, as reported in study by T. H. Chuang et al. [79] or by M. 
Orihashi et al. [108], where at the contact area with Ni electrode can be seen to be a 
mixture of Ni, Te, and Sn elements. 
Studies by C. Long et al. [109], and A. Singh et al. [110] have focused on bonding Fe 
electrode to n-type PbTe. C. Long et al. [109] showed how bonding to Fe powder is not 
suitable for n-type PbTe TE material, since evident cracks appear at the contact after the 
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joining process. The method used for the bonding was a common type of hot pressing at 
800 °C, 50 MPa, and 15 minutes between PbTe powder and Fe powder. The use of a Ni 
buffer layer between Fe and PbTe was concluded to aid the join, and no further diffusion 
of elements were observed after an aging process on the bonded sample. In addition, a 
decrease on the contact resistance (mΩ) was detected between samples with and without 
a Ni diffusion barrier. The addition of Ni decreased the total resistance by half compared 
to its measurement without Ni. In contrast, Singh et al. [110] used a mixture of 50% PbTe 
+ 50% Fe powders as a diffusion barrier between n-type PbTe powder, Fe powder, and 
Ag electrode in a hot press bonding process at 600 °C with a load of 700 kg. The generated 
200 µm interlayer shows a mixture of Fe and PbTe particles, whereas a chemically sharp 
interface exists between Fe and Ag. The authors in this study fabricated a TE multicouple 
using the aforementioned bond for the n-type leg and a p-type leg as a Te/Sb/Ge/Ag 
(TAGS) TE material with a SnTe diffusion layer. The contact resistances reported for all 
interfaces in the multicouple were below 10 µΩcm2, and the final efficiency of the 
multicouple was 6% for a temperature difference of 410 °C and a hot side temperature of 
500 °C. 
 The bonding of PbTe to Cu electrode was studied by C. C. Li et al. [111]. The lack of 
any diffusion barrier in the process of joining process Cu to PbTe, resulted in excessive Cu 
diffusion in the PbTe, establishing the need for a diffusion barrier between the materials. 
In addition, C. C. Li et al. [111] demonstrated the formation of Cu2Te particles in the PbTe 
matrix, though no agglomeration of such particles was observed. Cu electrode can be used 
for a direct bond to n-type PbTe if the hot side temperature is kept below 400 °C. Li et al. 
[111] also reported on p-type PbTe compound alloyed with Sn to form Pb0.6Sn0.4Te, which 
was joined to Cu and Ag elements. The results showed the incompatibility of both 
electrodes towards this TE material due to extensive diffusion in the material and the 
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severe reactivity of Sn with Ag and Cu. In comparison, in a study presented by X. Hu et al. 
[112], n- and p-type PbTe with 2% MgTe was bonded to Cu electrode using a Co-Fe 
diffusion barrier. The PbTe was also joined to a Co-Fe alloy in this study, using SPS at 773 
K, 30 MPa for 1 hour. The generated diffusion barrier showed the intermetallic compound 
Co0.8Fe0.2 which was connected to Cu electrodes via a eutectic In-Ga alloy. The fabricated 
multicouple showed a total internal resistance of 150 mΩ at maximum ΔT of 570 K with a 
maximum efficiency of approximately 8.8% at the hot side temperature of 873 K [112]. 
After Cu, Ni has the closest CTE to PbTe, and it appears to work as a diffusion 
barrier to PbTe TE materials. Studies by H. Xia et al. [86] and M. Orihashi et al. [108] 
showed bonding between such materials using hot pressing and SPS techniques, 
respectively. H. Xia et al. [86] bonded n-type PbTe powder to Ni foil at 600 °C, 40 MPa for 
different times: 60, 120, and 300 minutes. The direct contact led to the formation of 
Ni3±𝑥Te2 particles at 300 minutes sintering time. The composition of these particles was 
given by energy dispersive X-ray spectroscopy, which identified them as belonging to the 
β2 phase in the Ni-Te system. Moreover, the joining process appeared to damage the Ni 
electrode via the formation of cracks. An increase in temperature to 650 °C did not aid the 
bonding, and eutectic formations appeared at the contact area with larger cracks on the 
Ni side. The authors concluded that the generated bond could only be limited to low 
temperature applications. In comparison, M. Orihashi et al. [108] used Ni powder to join 
with n-type PbTe and p-type Pb0.5Sn0.5Te via SPS for later fabrication of a TE multicouple 
with Ni, and Cu interconnectors on the hot and cold sides, respectively joined by Ag paste. 
At the n-type PbTe leg with Ni, the scanning results showed a reaction layer of Ni and Te 
elements with no Pb involved. Unfortunately, the quality of the image is poor, and the sort 
of diffusion barrier formed at the contact during SPS cannot be seen. Furthermore, the 
generated contact is ohmic, with no voltage drop observed in electrical measurements. On 
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the other hand, the generated bond between the p-type leg and the Ni electrode required 
the adhesion of a SnTe diffusion layer to obtain an ohmic contact, since the initial direct 
bonding showed a large voltage gap along the interface, indicating high contact resistance. 
The couple reported by M. Orihashi et al. [108] was measured with increasing hot side 
temperature up to 500 K. This resulted in a thermoelectromotive force of 0.06 V and an 
internal resistance of 0.018 Ω. 
Other, less common electrodes for n-type PbTe were used by H. Xia et al. [84, 85], 
which were fabricated via a hot press method. The Nb electrode reported in [84], after 
bonding to n-type PbTe at 700 °C, 40 MPa for 60 minutes, exhibited the formation of a 
Nb3Te4 layer mixed with Pb, which was deemed weak after a fracture surface analysis. 
Alternatively, an alloy composed of Ni, Fe, and Mo was bonded to n-type PbTe at 700 °C, 
40 MPa for 60 minutes [85]. The aging results on the bonded sample showed that initial 
liquid penetration of Pb into the NiFeMo grains of the electrode was the cause of failure 
after 240 hours at 600 °C. 
2.8. High temperature testing equipment for thermoelectric 
multicouples 
Measurement of TE multicouple performance at medium and high temperatures 
requires standard testing instrumentation for comparing fabricated multicouples. This 
has motivated various research projects in countries such as Japan, USA, and Germany to 
investigate precise methods of measuring TE multicouples’ power output and efficiency 
[113-116]. Nevertheless, there is as yet no standard multicouple efficiency evaluation 
process. This could slow down progress on TE multicouple development and affect the 
commercialization of thermoelectric multicouples.  
Results given by TEG test equipment are focused on ZT values of multicouples, so 
comparison between TE multicouples is possible with respect to the zT of material and 
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the applied temperature gradient. In order to obtain ZT, measurements of thermoelectric 
efficiency are taken first. The latter is determined by measurements of electrical power 
output and input heat flow. Then, via Equation 2.11, the TE multicouple’s efficiency is 
calculated, which is later used for the ZT value in Equation 2.19. Measurements of 
electrical power are obtained from electrical measurements of voltage and current, 
although precise measurement of input heat flow can be quite challenging due to 
significant heat losses and difficult to quantify [117]. 
The heat flow method is a standard approach to measure passing heat flow through 
a TE multicouple. The design for this method consists of a metal block with known thermal 
conductivity and at least two thermocouples placed in the direction of heat flow along the 
metallic block used for heat transfer. Then, using Equation 2.25, 𝑄 can be calculated if the 
thermal conductivity (κ) of the metal block is known, as well as both 𝑇1 and 𝑇2 along the 




(𝑇1 − 𝑇2) 2.25 
where A is the cross-section of the metallic block, and l the distance between 
thermocouples for temperature 𝑇1 and 𝑇2. 
This method can be used on the hot or cold side junction of the TE multicouple. To 
avoid larger heat losses, heat on the cold side (𝑄c) of the multicouple is often used. Then, 






where P is the power output from the TE multicouple. 
Some of the current available systems for TEG measurements were developed by 
Marlow Industries, GM Global R&D Center, Fraunhofer IPM, and AIST. These different 
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types of apparatus, seen in Figure 2.9, have been summarized by H. Wang et al. [117], 
where some commonalities seem to be shared by the different testing devices: 
• Maximum hot side temperature is set from 773 K to 973 K. 
• Uniaxial pressure up to 100 psi can be applied to achieve good thermal 
contact at the various interfaces of the equipment and TE multicouple 
components. 
• A one-dimensional heat flow model is used to approximate the values of 
heat input (hot side junction) and output heat (cold side junction). 
• The measurements take place inside a bell jar, which allows for vacuum or 
an inert gas atmosphere. 
• The set-up is exclusively for Π-type TE multicouples. 









Figure 2.9. (a) Marlow symmetric heat flow test stand; (b) ULVAC-RIKO PEM-2 heat 
flow measurement system test stand; (c) PM-TE multicouple efficiency test stand 
from Fraunhofer-IPM; (d) Schematic diagram of AIST multicouple test stand. [117] 
2.9. Summary 
This literature review describes how thermoelectric materials and their intrinsic 
effects, the Seebeck, Peltier, and Thomson effects, are implemented in thermoelectric 
multicouples, either for cooling/heating purposes or as electrical generators. As 
thermoelectric generators, thermoelectric materials are categorized by their figure-of-
merit zT, which dependent on their temperature range of operation. For low temperature 
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applications, up to 450 K, mid temperature applications, to work around 850 K, and high 
temperature applications, to work around 1300 K, materials such as Bi2Te3, PbTe, and 
SiGe, respectively are recognised to have better performance than others in their 
respective temperature ranges.  
Nevertheless, integration into TE multicouple of TE materials with high zT does not 
automatically lead to a high performance TE multicouple. One of the biggest challenges in 
TE multicouple fabrication is the contact resistance between the TE and the electrode 
materials. The electrode choice has been proven to be crucial for the global TE 
multicouple’s performance due to the influence of contact resistance for the power output 
and efficiency of TE multicouple. In order to obtain an effective contact and also prevent 
failure of contact, electrode material must have a similar coefficient of thermal expansion 
to the TE material, have high thermal and electrical conductivities, form a low resistance 
ohmic contact with the TE material, and generate a strong chemical bond. 
Forming bonds between TE materials and electrodes requires different 
approaches, depending on the operating temperatures of the TE multicouples, and the 
reactions between the elements to be joined. Soldering is the usual technique for 
materials for low temperature multicouples. Due to low adhesion in TE materials, 
however, metallization using sputtering or electroplating approaches is also used. This 
can lead to reactions at the contact and the formation of diffusion barriers. Diffusion 
barriers can increase contact resistivity, although they are indispensable in mid-high 
temperature TE multicouples. Joining methods for high temperature TE multicouples 
involve the application of high pressures and temperatures.  
Hot pressing equipment and current-assisted apparatus such as spark plasma 
sintering have been used to sinter the TE material while simultaneously joining it to the 
electrode. Spark plasma sintering has dominated recent research on the bonding of 
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materials due to its advantages of short sintering times and high densification of 
materials.  
In the particular case of mid temperature TE multicouples, lead telluride (PbTe) TE 
material is considered among the leading choices to be implemented in TEGs. 
Nonetheless, due to the poor mechanical properties of p-type doped PbTe, fabricated TE 
multicouples often only contain its n-type PbTe counterpart, while the p-type leg is, for 
instance, PbTe alloyed with Sn. Electrodes studied for PbTe material are quite limited due 
to the high CTE value of  PbTe, 20 × 10−6 K−1. Hence, common electrodes are metals such 
as Ni, Cu, and Fe. 
Electrodes made of Fe and Cu have been reported to fail due to cracks in the contact 
area with PbTe or because of severe reaction with TE material, such as with Cu. Thus, 
diffusion barriers for Fe such as Ni or a 50/50 Fe and PbTe layer were interposed to 
achieve an optimal bond. In regards to Cu, a diffusion layer composed of Co-Fe is found to 
work well on n- and p-type nanostructured PbTe, achieving a TE multicouple efficiency of 
8.8%. Alternatively, Ni appears to work well as a diffusion barrier and direct bonded to 
PbTe, though at limited operating temperatures. The particles formed at the contact of 
PbTe to Ni electrode are identified as Ni3±𝑥Te2 in the β2 phase of the binary Ni-Te phase 
diagram. The complexity of the Ni-Te system presents two different crystal structures for 
room temperature Ni3±𝑥Te2, which have monoclinic and tetragonal symmetry, 
respectively. 
Finally, high temperature measurement equipment for TEGs has not yet been 
standardized, although different institutions possess testing equipment with certain 
similarities. In all of them, maximum temperatures of 773 to 973 K can be reached, and 
maximum pressure of 100 psi can be applied to the multicouple to improve thermal 
contact between the TE multicouple’s components and the testing device. Moreover, this 
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equipment is only functional for Π-type multicouple that can be measured under vacuum 
or inert atmosphere. The multicouple performance is calculated via the electric power, 
which is measured from the electrical parameters of voltage and current, whereas the 
heat flow circulating through the TE multicouple is calculated using thermocouples 
positioned along either the hot or cold side of the testing device and the thermal 
conductivity of material. TE multicouples are compared via the ZT of the multicouple, 






The work in this doctoral thesis aims to fabricate a prototype thermoelectric 
generator to perform at medium to high temperatures. Therefore, PbTe was chosen as the 
TE material for n- and p-type thermoelements, due to its previously mentioned great 
performance in the 700 K to 900 K temperature range. Nickel was selected for the 
electrode material due to its close CTE to PbTe, its high electrical and thermal conductivity 
as a metal, and also based on prior research showing promising results for bonding with 
PbTe.  
With the above outlook in mind, the chapters in this thesis are organized to obtain 
bonding of n- and p-type PbTe to Ni electrode via SPS equipment so that they can later be 
used for the fabrication of a prototype PbTe TE multicouple. 
Chapter 4 investigates the bonding of n-type PbTe powder to Ni plate via a one-
step sintering process. The reaction obtained at the contact between the initial materials 
shows the formation of a continuous interphase acting as a diffusion barrier. The diffusion 
barrier is solely composed of Ni3±𝑥Te2 compound with a thickness of 27 µm. 
Chapter 5 focuses on a crystallographic study of compound Ni3±𝑥Te2. The binary 
system of Ni-Te was found to be lacking in information on phase identification via a 
microscopy technique instead of X-ray diffraction using powders. An EBSD analysis was 
undertaken for the correct indexation of the phase and the grain orientation. 
Chapter 6 looks at bonding p-type PbTe to Ni plate via SPS. A different approach to 
that in Chapter 4 is taken here, however. Eliminating the graphite die in SPS and the usage 
of bulk sintered pellets instead of PbTe powder makes it possible to obtain a thinner 




Chapter 7 takes notice of observations in Chapter 6 on the decrease in supplied 
electrical current when compared to that in Chapter 4. Therefore, it is an investigation of 
the bonding of n-type PbTe to Ni plate using bulk samples, but, instead, taking control of 
the electrical current supplied in SPS and not the temperature. This allows for shorter 
bonding times than any of the previous processes while generating an even thinner 3 µm 
diffusion barrier of Ni3Te2. 
Finally, in Chapter 8, using the joining method of Chapter 7 for n- and p-type PbTe 
to Ni plate, a thermoelectric generator with 4 couples is fabricated. The measurements of 
performance, power output, and efficiency were collected on a home-built device. 
 




3. Experimental Procedures 
3.1. Materials fabrication 
3.1.1. Synthesis of n- and p- type PbTe 
The synthesis methods for n- and p-type lead telluride entail the same process 
steps with the distinction of the dopant component. Usage of 0.12% PbI2, and 1.5% of Na 
correspond to dopant quantities for n- and p-type PbTe, respectively. Therefore, 
polycrystalline PbTe0.9988I0.0012, and Pb0.9988Na0.015Te were synthesized by mixing 
stoichiometric quantities of high purity Pb (99.999%), and Te (99.999%) with PbI2 or Na 
in vacuum-sealed quartz ampoules and then heat-treating them at 1373 K for 10 hours in 
a tube furnace. The samples were quenched in cold water, followed by annealing at 823 K 
for 72 hours.  
The 0.12% PbI2 dopant in n-type PbTe was chosen due to its remarkable zT values 
of roughly 1.4 at high temperatures (∿ 600 – 750 K) [22]. Similarly, 1.5% of Na dopant 
was deemed sufficient to obtain similar values of zT (∿ 1.4) in p-type PbTe as in its n-type 
counterpart [26]. In addition, Na dopant was limited at 1.5% due to demonstrated poor 
mechanical properties of Na doped materials. 
The obtained fine powders of p- and n-type PbTe, as seen in Figure 3.1, were 
consolidated into pellets 12 mm in diameter and roughly 1.5 mm in thickness using 
Thermal Technology LLC, Model 10-4 spark plasma sintering (SPS) equipment. The 
optimum conditions used for both types of powders were 793 K, 40 MPa uniaxial pressure 
and 1 hour of holding time in a vacuum sealed chamber. The obtained bulk densities 
relative to the theoretical density were above 98%. 




Figure 3.1. Micrograph of hand-ground n-type PbTe fine powder, showing 
particles smaller than 10 µm. 
3.1. Materials characterisation 
3.1.1. X-Ray diffraction 
XRD analysis on the PbTe ingots was conducted to confirm consistency of the single 
phase compounds and no unreacted elements or impurities were found in the samples 
after the synthesis. The X-ray analysis was performed using a MACScience X-ray 
diffractometer Cu Kα radiation (λ = 1.544 Å, 40 kV, 25 mA). Samples for XRD were taken 
from quenched samples and prepared using a mortar and pestle to obtain fine powders, 
as shown in Figure 3.1. Then, a uniform layer was deposited onto a quartz substrate, 
which was introduced into the X-ray diffractometer. The scanning angles for PbTe were 
set over 10° < 2𝜃 < 90° at a scan rate of 2° min⁄  and 0.02° step size. 
Powder diffraction X-ray is used in crystallized materials to identify their phase 
and information such as the unit cell and grain size, among others. The technique involves 
irradiating the sample with electromagnetic waves (X-rays) with wavelengths between 
0.01 to 10 nm. Then, the incident X-rays scattered by the atoms in the crystalline structure 
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of the material generate spherical X-ray waves. These X-ray waves are produced in some 
specific directions, what is called constructive interference as per Bragg’s law [118]: 
2𝑑hklsin𝜃 = 𝑛𝜆 3.1 
where 𝑑hkl is the distance between planes with Miller index (hkl), 𝜃 the incident 
angle, n is any integer, and 𝜆 is the wavelength of the X-ray beam.  
When the conditions for Bragg´s law are met, and a peak in the XRD diffraction 
pattern is recorded, the calculations for the d-spacing can take place. This is characteristic 
of each individual crystal structure. 
3.1.2. Thermal conductivity measurement 
The thermal conductivity is defined by the capability of any material to conduct 
heat. The conductivity for p- and n-type PbTe samples was found using the laser flash 
method in Linseis LFA 1000 apparatus. 
 
Figure 3.2. Linseis LFA 1000 [119]. 
This equipment is used to measure the thermal diffusivity (𝐷T). The measurement 
is conducted on sintered disk pellets which are loaded on a holder and introduced into 
the equipment’s furnace. When the furnace reaches the set point temperature, an energy 
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beam from a laser is pointed at the sample’s surface. The temperature gradient between 
the front and rear of the sample is measured as a function of time using infrared detectors. 
Thereafter, the equipment software obtains the data for diffusivity.  
The thermal conductivity (κ) is calculated using Equation 3.2. 
𝜅 = 𝛿𝐷T𝑐p 3.2 
where the density (δ) is calculated using the measured weight and dimensions of 
disk sample before the measurements of thermal diffusivity are taken. 
The specific heat capacity (𝑐p) is estimated by 𝑐p = 3.07 + 4.7 × 10
−4 × (𝑇[K] −
300) [120, 121]. This equation is understood to be a suitable approximation for lead 
chalcogenide materials and, in particular, for the case of lead telluride. 
3.1.3. Seebeck coefficient and resistivity measurements 
The Seebeck coefficient and electrical resistivity of lead telluride samples are 
measured using Linseis LSR-3 apparatus. 
 
Figure 3.3. Linseis LSR – 3 Seebeck coefficient and electric conductivity 
measurement equipment [119]. 
Samples used for the measurements have a sintered disk shape. This is cut in the 
shape of a prism with an approximate crosssectional area of 3.5 × 1.5 mm2 and length of 
11 mm. The sample is then placed vertically inside a furnace chamber between two 
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current electrodes. To give the samples better contact stability with the electrodes, the 
surfaces of the sample are polished using 2000 grit SiC paper. The sample is in contact 
with two thermocouples that measure the temperature gradient across the sample. In 
order to achieve the desired temperature gradient, the furnace in the equipment heats up 
to the required temperature, and there is a small heater at the bottom of the sample which 
gives the extra energy required for a small temperature gradient to form along the sample. 
Conductivity measurements are collected simultaneously thanks to wires placed in the 
positions of thermocouples. All measurements on PbTe samples were taken at 
temperatures up to 850 K under 0.1 atm of helium. 
3.2. Sample preparation for bonding procedure 
3.2.1. Nickel plate 
99.99% purity Ni sheet 0.5 mm in thickness, supplied by Advent Research 
Materials, was punched out using a 12 mm diameter stainless steel punch. 
3.2.2. PbTe pellets 
SPS equipment was used to sintered powder PbTe with a high density, above 98% 
relative to the theoretical density. This resulted in pellets 12 mm in diameter and 1.5 mm 
in thickness. Conditions for sintering were: 793 K sintering temperature, 40 MPa uniaxial 
pressure, 1 hour of sintering time, and heating and cooling rates of 15 K/min and 20 
K/min, respectively. 
3.2.3. Polishing method 
The Ni plate and PbTe pellets were polished by the same polishing recipe to obtain 
1 µm surface roughness on a Struers LaboPol – 25 and a Tegramin – 25 with water-based 
lubricants for n-type PbTe, and Ni, and alcohol-based lubricants for p-type PbTe. 
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A first polishing step using a 1200 grit SiC paper was conducted on a Struers 
LaboPol – 25, as shown in Figure 3.4. This provides flattening of surfaces for both Ni and 
PbTe pellets. Moreover, it allows removing any remaining graphite foil impurity 
remaining on the PbTe pellet after sintering in the SPS.  
 
Figure 3.4. Struers LaboPol – 25 [122]. 
The second and last polishing step was performed on a Tegramin – 25 automatic 
polisher, as shown in Figure 3.5. Here, one of the two surfaces for each of the Ni and PbTe 
pellets is chosen to be polished down to a 1 µm surface roughness. These two mirror 
polished surfaces (Ni and PbTe) will then be put in contact in the bonding procedure. The 
polishing recipe follows the next steps: (i) 2000 grit SiC paper for 2 minutes; (ii) MD-Dur 
Pad DP–Suspension P 6 µm using yellow lubricant for 2 minutes; (iii) MD-Dur Pad DP–S P 
3 µm using yellow lubricant for 2 minutes; (iv) MD-Dur Pad DP–S P 1 µm using yellow 
lubricant for 2 minutes; and (v) MD-Nap Pad DP–S P 1 µm using yellow lubricant for 2 
minutes. Between each step, there was a quick scan on the optical microscope to observe 
uniformity of the surface scratches. If not, the last polishing step was repeated. 




Figure 3.5. Struers Tegramin – 25 [122]. 
3.3. Joining of n- and p-type PbTe to Ni plate 
3.3.1. Spark Plasma Sintering equipment 
Bonding between the PbTe and the Ni plate was obtained using the Spark Plasma 
Sintering equipment with different approaches to the assembly. 
The equipment that was used is a Thermal Technology LLC, Model 10 – 4 SPS. This 
particular model can achieve 10 tons of uniaxial force while applying 4000 A of electrical 
current. Figure 3.6(a) shows the machine, which consists of 4 power supplies to the left 
of the image, and the vacuum chamber and hydraulic press to the right of the image. In 
addition, the SPS is supplied with an external chiller that keeps the electrodes and the 
walls of the vacuum chamber cooled to around 20 °C. 
The equipment is controlled via a Eurotherm 2704 [123], which can be 
programmed on the front panel of the equipment or via iTools software on a desktop 
computer. The controlled variables in common SPS processes are the sintering 
temperature and the pressure. The supplied electrical current is dependent on the set-
point temperature and the resistivity of the materials. A proportional-integral-derivative 
(PID) controller programmed by the supplier matches the necessary current in order to 
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reach the desired temperatures. The voltage on the system satisfies Ohm’s law, although 
it is contained below 10 V. The joining of PbTe to Ni proceeded under vacuum after 
purging the chamber a few times using Ar, to ensure that no oxidation occurred in the 
process. 
A more detailed view into the SPS vacuum chamber can be seen in Figure 2.7 in 
section 0 of the literature review. The supplied pulsed DC current from the power supply 
is set at 20 ms ON and 2 ms OFF flows from bottom to top of the assembly, while the 
temperature of the process is measured by a thermocouple situated inside the bottom 
graphite punch a few millimetres away from the sample. The variables controlled in SPS 
processes are temperature, pressure, and rates of both, although the electrical current 
supplied to the sample and the pressure can also be controlled. Controlling the electrical 
current removes the adjustability of the temperature. The current can also be set to be DC 
continuous and not pulsed, but in this specific equipment only DC currents are possible 
and not AC currents. 




Figure 3.6. (a) Thermal Technology SPS Model 10 – 4 [124]. 
3.3.1.1. SPS assembly for PbTe powder and Ni plate 
The first approach to bond Ni plate to PbTe was via simultaneous sintering PbTe 
powder and bonding it to metallic Ni plate. Figure 3.7 shows a schematic diagram of the 
assembly, where a graphite die is needed to contain the PbTe powders. Graphite foil is 
placed around the assembly, as well as on the top and bottom. The graphite foil prevents 
possible spillage of the material during the sintering process, and ensures better electrical 
and thermal contact, and a suitable force distribution on the assembly during the bonding 
process. The controlled variables on the SPS are temperature and pressure using a pulsed 
DC current with 20 ms ON and 2 ms OFF. 




Figure 3.7. Schematic illustration of the experimental set-up in SPS bonding 
of Ni plate to PbTe powder. 
3.3.1.2. SPS assembly for bulk PbTe and Ni plate 
The following assembly for the bonding of bulk PbTe and Ni plate did not involve 
the use of a graphite die, as seen in Figure 3.8. Hence, the totality of supplied electrical 
current from the SPS passed through both solid materials and the mating surfaces of PbTe 
and Ni. To proceed with the bonding, the Ni/PbTe assembly was not surrounded by 
graphite foil sheets, but it was still sandwiched between graphite foil sheets on the top 
and bottom to improve electrical and thermal contact and the distribution of force applied 
by the graphite punches. The absence of a graphite die exposes the peripheral surfaces of 
PbTe and Ni to the chamber’s atmosphere during the process of bonding. As a result, there 
are radiation losses coming from the sample to the chamber’s walls during the bonding of 
materials. 




Figure 3.8. Experimental assembly used on the bonding between bulk PbTe and Ni 
plate. 
3.4. Preparation of the bonded Ni/PbTe sample 
3.4.1. Mounting, cross-sectioning, and polishing 
Samples in the form of-bonded pellets were first hot mounted in Struers Polyfast 
conductive resin (comprising a mixture of Bakelite and graphite) using a CitoPress – 20 
apparatus, as shown in Figure 3.9. 




Figure 3.9. Struers CitoPress – 20 [122]. 
Following the mounting, the cutting of cross-sections was performed on a Struers 
Accutom – 10, as illustrated in Figure 3.10, operating at 0.015 mm/s feed rate with water-
based lubricant for n-type PbTe bonded samples and water-free lubricant for the p-type. 
 
Figure 3.10. Struers Accutom – 10 [122]. 
Finally, the samples were polished to achieve the quality of surface demanded for 
microscopic analysis by scanning electron microscopy (SEM) and electron backscattered 
diffraction (EBSD) analysis. First, a mechanical polishing was performed using the Struers 
Tegramin – 25 by the following steps: (i) 2000 grit SiC paper for 2 minutes; (ii) MD-Dur 
Pad DP–Suspension P 6 µm using yellow lubricant for 2 minutes; (iii) MD-Dur Pad DP–S P 
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3 µm using yellow lubricant for 2 minutes; and (iv) MD-Dur Pad DP–S P 1 µm using yellow 
lubricant for 2 minutes. In this case a MD-Nap Pad was not used since the bowing caused 
by this type of polishing on a multilayer sample with different material hardness affects 
clear focusing of the microscope on the interface. To achieve the final desired surface 
quality, polished cross-sections were further ion milled on a Leica TIC – 020 cross-
sectional ion mill, illustrated in Figure 3.11, operating at 1 kV for 20 hours. 
 
Figure 3.11. Leica TIC – 020 cross-sectional ion mill [125]. 
3.5. Characterization of bonded Ni/PbTe sample 
3.5.1. Optical and Scanning Electron Microscopy Analysis 
Light microscopy in a Leica DM6000 microscope was used in this work as the 
primary tool to observe if the bond between parts, Ni and PbTe, had occurred or, on the 
other hand, if separation of layers resulted from the bonding conditions in the SPS 
process. If the latter situation was true, a new experimental plan was designed on the SPS. 
If this initial step was successful, however, and a bond was observed under the optical 
microscope, the sample was taken to the SEM for a deeper analysis on the generated 
microstructure and its composition. 
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Scanning electron microscopy allows for a better particle resolution than light 
microscopy due to the usage of an electron beam instead of photons. Electrons have a 
shorter wavelength than photons, permitting image resolution 1000-fold higher in a high-
vacuum setting, where any electrical discharge is impeded, so that electrons can travel 
along the microscope column. The high-energy electron beam, emitted from the electron 
gun, scans the specimen surface, producing from such interaction low-energy secondary 
electrons, high-energy backscattered electrons, and X-rays. Low-energy electrons provide 
topographical information, whereas high-energy backscattered electrons and X-rays are 
coming from a teardrop shaped volume of interaction below the sample’s surface to 
provide information on the specimen’s composition [126]. 
The field emission gun-scanning electron microscope used in this thesis is a JEOL 
JSM-7001F operating at 15 kV accelerating voltage, and approximately 6.5 nA probe 
current. The microscope is also fitted with an 80 mm2 energy dispersive X-ray (EDS) 
detector interfacing with the Oxford Instruments Aztec software suite for data collection. 
EDS analysis is often a method added to SEM, which provides chemical information on the 
sample via the X-rays released from the sample’s surface. EDS is used for quick 
compositional analysis, however, and the obtained data must be carefully processed due 
to the likelihood of data overlap. Therefore, EBSD analysis is a better tool for phase 
identification and orientation analysis in the Ni/PbTe interface. 
3.5.2. Electron Backscattering Diffraction analysis 
The SEM based EBSD technique is used, among other functions, for phase 
discrimination in bulk multiphase samples [127]. The process garners diffracted back-
scattered electrons coming off the microscope electron beam and hitting the sample’s 
surface. Consequently, the obtained Kikuchi patterns, presented on a phosphorus screen, 
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feature parallel arrangements of bright defined bands on a steep steady background. 
Kikuchi patterns are unique to a crystal structure and crystal lattice orientation, and their 
geometry can be described as a gnomonic projection of the crystal lattice. Such 
experimental Kikuchi patterns undergo a Hough transformation through EBSD in-built 
software [128] via a butterfly filter for the purpose of crystallographic identification. The 
confirmation of phase orientation of the crystal structure in EBSD takes place through a 
comparative process known as “indexing” [129, 130] between experimental Kikuchi 
patterns and pre–defined theoretical patterns (by the equipment’s operator). Poor 
definition of band lines in experimental Kikuchi patterns can be troublesome, however, 
for the comparison of patterns. Hence, misfit between the experimental and the 
theoretical patterns can occur due to the limitations of the mathematical algorithm for the 
Hough transformation of the acquired experimental Kikuchi patterns [131]. This misfit 
between patterns or mean angular deviation (MAD) in EBSD is indicative of the 
misindexing of phase orientation. 
3.5.3. Electrical resistance measurements using the Quantum Design 
PPMS 
Investigation of the electrical resistance properties and voltage–current (VI) 
curves of the Ni/PbTe bonded samples conducted using the Quantum Design Physical 
Properties Measurement System (PPMS). Small currents on the order of mA were used to 
avoid Joule heating in the samples during measurement, while frequencies of roughly 100 
Hz were set to avoid any Peltier effect. The VI curves were collected to confirm if an ohmic 
contact had been formed at the contact of Ni to p- and n-type PbTe. The resistance value 
in Ω of the interphase and contacts with Ni and PbTe was obtained through subtraction of 
the PbTe bulk and Ni plate resistances from the total measured resistance of the Ni+PbTe 
sample. The samples for resistance measurements of bulk PbTe were obtained by 
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removing the Ni plate and interphase from a bonded sample. This is performed via 
mechanical polishing with a 2000 grit SiC polishing paper. 
3.6. Characterization of thermoelectric multicouples 
The electrical power output and thermoelectric efficiency of a PbTe multicouple 
were measured in a home-built high temperature thermoelectric power generator testing 
system (Figure 3.12). The testing equipment was modified with a different type of heater 
from that fabricated by Tomas Katkus [132]. The heat flow direction in the apparatus 
circulates from the top to the bottom Cu blocks and through the thermoelectric 
multicouple. These Cu blocks have dimensions of 50 × 50 mm2 with 50 mm length for the 
top block and 25 mm for the bottom block. The cooling system in the equipment consists 
of an outside chiller, which circulates water along the Cu base to keep the cold side 
temperature of the TE multicouple constant. This is done with the use of a proportional-
integral-derivative (PID) controller with a reference thermocouple situated at the top of 
the bottom Cu block, as seen in Figure 3.12. The hot side temperature on the multicouple 
is manually controlled via the power supplied to the heater. The heat flow supplied to the 
thermoelectric multicouple is measured by two thermocouples placed along the top Cu 
block.  
The performance of the TE multicouple was tested at the hot-side temperature of 
813 K, keeping the cold-side at 313 K under a vacuum of 0.5 mbar. The uniaxial force 
applied during the testing ranged from 10 to 50 kg using a manually controlled pneumatic 
cylinder. The tests were conducted at open circuit voltage during the heating step and 
short circuit current during the cooling from high temperature. The obtained electrical 
results of open circuit voltage and short circuit current were acquired via a Labview 
program designed to control the equipment testing capabilities. 






Figure 3.12. (a) Assembled high temperature thermoelectric measurement system 
[132]. (b) Assembly of thermoelectric multicouple on high temperature 
thermoelectric testing apparatus. 
 
 





4. One–step bonding of Ni electrode to n-type 
PbTe 
4.1. Preface 
The work approached in this chapter focuses on effectively bonding powder n-type 
PbTe to high purity Ni plate. The bond is achieved via a common SPS process, where 
temperatures of sintering and applied pressure are the controlled/optimised parameters. 
The successful formation of a homogeneous diffusion barrier layer via the chemical 
reaction of Ni to PbTe was obtained at 793 K, 40 MPa for 10 minutes. The thickness of the 
diffusion barrier layer was measured at roughly 27 µm, solely composed of Ni3±𝑥Te2 
compound. The thermal aging of samples demonstrated the chemical stability of the 
interphase compound after 360 hours at 823 K under vacuum. 
4.2. Introduction 
Lead chalcogenides are known for their high zT at [500–900] K in both n-type [24] 
and p-type [27] compounds, which make them excellent choices for waste recovery TEG 
at mid temperatures [8]. Nonetheless, as discussed in the literature review of this thesis, 
high performance in TE multicouples are not only dependent on zT but also good contacts 
with the electrodes are a critical [17]. The joining process of TE materials to metal 
electrodes is presented in section 2.6.1 where direct or indirect bonding can be intended 
for TE multicouples but always meeting certain requirements for a suitable function of a 
diffusion barrier.  
One of the major challenges to bring manufacturing process of thermoelectric 
generator into fruition is the choice of electrode, see section 2.5.2.1, which should have 




minimum thermal mismatch with the thermoelectric material at the TE multicouple’s 
working temperatures [133]. To maintain a reliable and lasting mechanical bond and to 
meet expectations of TE multicouple performance, comparable CTEs are essential for the 
thermoelectric material, the electrode, and any interphase that is formed [134].  
Various approaches have been employed to create an effective diffusion barrier 
(interphase) between TE material and electrode, such as metallic thin film deposition [79, 
81], soldering [82], brazing [135], and other metallization processes [84, 96]. Recently, 
fabrication of bulk thermoelectric materials via SPS technique has become more popular 
due to the fast sintering of high-quality dense products [136]. This technique has also 
been employed to bond electrodes to thermoelectric materials; such as: skutterudite [137, 
138] or magnesium silicide based materials [96].  
In the particular case of PbTe, known for its high CTE when compared to common 
metal electrodes, was bonded using SPS and also hot press equipment to a variety of 
electrodes with different results, see section 2.7. The potential usage of Ni for direct 
bonding to n-type PbTe was discussed by Xia et al. leading to a relative success since the 
achieved bond presenting particles of Ni3±𝑥Te2 was deemed to only be used at low 
temperatures due to cracks form at the electrode.  
In this study, one-step bonding of n-type PbTe to high purity Ni plate was achieved 
via SPS. The chemical composition and microstructures at the interface were investigated 
in detail. It is demonstrated a homogeneous interphase between the Ni electrode and the 
n-type PbTe. The thermal stability of the interphase and the thermoelectric material were 
also studied by aging the as-bonded sample at 823 K for 360 hours.  




4.3. Experimental details 
In order to sinter the PbTe powder to the Ni plate, a disk-shaped nickel plate with 
a thickness of 500 µm was polished to 1 µm surface roughness and ultrasonically cleaned 
with ethanol to remove possible contaminants on the surface. Subsequently, 1 g of PbTe 
powder was assembled with the Ni plate in a 12 mm graphite die, as in Figure 3.7 on 
section 3.3.1.1. The consolidation of the assembly was carried out at 773 K, 793 K, and 
873 K, with uniaxial pressure of 40 MPa for 10 minutes under vacuum. Heating and 
cooling rates of 5 K/min were used. 
EBSD and EDS information was obtained simultaneously from an 80 × 60 μm2 area 
using a JEOL JSM-7001F field emission gun–scanning electron microscope operating at 15 
kV accelerating voltage, ~5.5 nA probe current, and 1500 × magnification. The microscope 
was fitted with a Nordlys-II EBSD detector and an 80 mm2 X-Max EDS detector interfacing 
with the Oxford Instruments Aztec software suite. The EBSD mapping conditions were 
optimised beforehand with 44, 42, and 40 reflectors employed for the Ni, Ni3Te2, and 
PbTe phases, respectively, as well as 4 × 4 binning, 2 background frames, a Hough 
resolution of 50, and concurrently indexed individual Kikuchi patterns up to 8 bands after 
preliminary EDS identification of the phases using TruPhase. The raw EBSD map returned 
an overall indexing rate of 98.65%, such that the zero solutions were concentrated at 
(sub)grain boundaries or phase interfaces. The map step size of 0.095 μm that was 
employed was equivalent to an EDS map resolution of ~2048 × 2048 pixels. Other EDS–
based settings included a 20 keV energy range, auto-selection of the number of channels, 
a process time of 3 and a detector dead time of ~55–60%. 
Thermoelectric multicouples for power generation are commonly encapsulated in 
inert atmosphere or under vacuum [15]. In order to assess the thermal stability of the 




generated joints, PbTe/Ni samples were heat-treated at 823 K for 360 hours in a vacuum-
sealed quartz tube. The analysis of final microstructure was also carried out for the heat-
treated samples. 
4.4. Results and discussion 
4.4.1. Thermoelectric transport properties of n-type PbTe 
Figure 4.1 presents the thermoelectric transport properties of Seebeck coefficient 
and electrical resistivity for heavily doped n-type PbTe, PbTe0.9988I0.0012. Maximum 
absolute value of Seebeck coefficient for the material is found at 850 K of roughly 
230 μV 𝐾⁄ . The electrical resistivity of material follows a metallic trend with gradual 
increase in temperature and a maximum value of approximately 3.5 mΩcm at 850 K.  
 
Figure 4.1. Seebeck coefficient and electrical resistivity of PbTe0.9988I0.0012 as 
a function of temperature 
Figure 4.2 shows the values of total thermal conductivity for TE material with a 
minimum value of roughly 1.2 Wm−1K−1at 850 K. The maximum value of zT of roughly 
1.2 at 700 K for a heavily doped n-type PbTe compound is consistent with previous studies 
[22, 139].  





Figure 4.2. Total thermal conductivity, κ, and dimensionless figure-of-merit, 
zT, for n-type PbTe, PbTe0.9988I0.0012, as a function of temperature. 
4.4.2. SEM analysis of bond sample n-type PbTe to Ni plate 
The back-scattered electron micrograph in Figure 4.3(a) presents the entire cross 
section of the Ni plate and n-type PbTe interface, which were bonded at 793 K for 10 
minutes. A continuous diffusion barrier layer is formed between the PbTe and the Ni along 
the roughly 10 mm length of the assembly. I can observe dense lead telluride without 
visible cracks, major porosity, or defects, as opposed to the interface with PbTe that was 
directly hot pressed to Ni [19], where cracks were observed in the nickel electrode. Figure 
4.3(b), and (c) show magnified areas of bonded sample in order to show the consistency 
of interphase. Figure 4.3(c) presents the good cohesion between the PbTe, the interphase, 
and its Ni counterpart, with a homogeneous and smooth diffusion layer. 
 









Figure 4.3. (a) SEM image of entire sample’s cross-section after bonding of powder n-type PbTe to Ni plate in SPS at sintering 
temperature of 793 K. (b) Magnified SEM image of marked section in (a) using solid red line. (c) Magnified SEM image of marke d 
section in (b) using solid red line. 




The thickness of the interphase, shown in Figure 4.4(a), as measured from the SEM 
image, is approximately 27 μm. The EDS line scanning analysis, using SEM, in Figure 4.4(b) 
confirms an interphase thickness of around 27 μm, indicating the overall homogeneity of 
the reaction within the length of the sample. Figure 4.4(a), and (b) also demonstrate a 
clear compositional separation of layers. The interphase layer contains Ni and Te, 
whereas it is lead-free. No pure nickel was detected within the interphase layer, and the 
Ni content was reduced to zero in the PbTe layer. 
  
(a) (b) 
Figure 4.4. (a) Interphase of bonded sample at sintering temperature 793 K for 10 
minutes. (b) line scan from point A to B in (a) indicating a roughly 27 µm interphase 
thickness. 
4.4.3. Crystallographic analysis of interphase compound 
4.4.3.1. X-ray diffraction analysis 
In order to identify the crystallographic structure of the interphase formed 
between Ni and PbTe, the Ni plate was polished to a thickness of a few tens of 
micrometres, and the X-ray diffraction pattern was obtained from the surface of the 
sample, as seen in Figure 4.5. It is worth noting that due to manual polishing of the 




assembly, the PbTe phase was also exposed to the surface in some areas of the sample 
surface. The XRD pattern indicates the presence of three major phases. Ni and PbTe are 
identified with clear high intensity diffraction peaks, marked by red and yellow symbols 
in Figure 4.5. The higher intensity of the Ni peaks is due to the sample set-up on the X-ray 
diffraction equipment. The X-rays collided first with the Ni plate and then reached the 
interphase layer and PbTe. The low concentration of interphase layer resulted in peaks 
with lower intensities, which are identified as the β2 Ni3±𝑥Te2 phase. Slight variations in 
the composition of the β2 Ni3±𝑥Te2 phase occur as a function of temperature. Changes in 
the crystallographic structure from monoclinic to orthorhombic and then tetragonal 
occur at 491 K and 610 K, respectively [140]. The similarity of the lattice parameters of 
the three above-mentioned crystallographic structures [141] means that they cannot be 
distinguished in the obtained XRD diffraction pattern.  





Figure 4.5. X-ray diffraction pattern of bonding area between PbTe and Ni, after 
sintering at 793 K under 40 MPa for 10 minutes, indicating Ni, PbTe, and Ni3±𝑥Te2 
phases. 
4.4.3.2. EDS and EBSD analysis 
Figure 4.6(a), and (b) depict the EBSD band contrast and phase distribution maps, 
respectively. Figure 4.6(a) shows that the bottom layer comprises large Ni grains, 
whereas the middle and top layers comprise the Ni3Te2 phase, which has a tetragonal 
crystalline structure, and the PbTe phases, respectively. The indexing of the EBSD map 
was robust, such that the three phases are distinctly delineated using light red, blue, and 
yellow in Figure 4.6 (b), respectively. With respect to the interphase layer of Ni3Te2 
grains, it is of interest to note that they contain twins that have an angle/axis 
corresponding to 82.5° [110] relationship with the parent matrix. While a majority of the 
twin boundaries (shown in deep red in Figure 4.6(a), and (b)) are successfully identified, 
finer twins (whose boundaries show a darker band contrast than the parent matrix in 
Figure 4.6(a)) were not indexed due to the relatively coarse, 0.095 μm, step size used 





















during mapping. A further observation is the prevalence of intergranular cracks between 
grains of the Ni3Te2 phase. These cracks and small pores were not indexed on the EBSD 
map and are shown in white in Figure 4.6(b). Simultaneous EDS elemental mapping was 
acquired during EBSD analysis. Figure 4.6(c), (d), and (e) show the distribution of Te, Pb, 
and Ni elements in the individual phases respectively. PbTe and Ni phases are distinct in 
chemical composition, and the interphase is rich in Ni and Te, and almost free of Pb. Table 
1 presents the chemical compositions in atomic percentage of the layers of Ni, Ni3Te2, and 
PbTe analysed by EDS. These values were obtained by averaging several points and areas 
on the corresponding parts. The EDS quantitative analysis obtained from the interphase 
shows a Ni/Te atomic ratio of roughly 3:2, which agrees with the EBSD results. Therefore, 
I propose that the following reaction occurs during sintering of Ni to PbTe: 
3Ni(s) + 2PbTe(s) → Ni3Te2(s) + 2Pb(l) 4.1 
 








   
(c) (d) (e) 
Figure 4.6. (a) EBSD band contrast map. (b) EBSD phase distribution map. EDS 
mapping of bonded PbTe/Ni at 793 K under 40 MPa for 10 minutes: (c) Te elemental 
mapping, (d) Pb elemental mapping, and (e) Ni elemental mapping. 




Table 1. Atomic percentage compositions given by EDS analysis on Figure 4.6 (c), (d), and 
(e). 
Areas Ni (at. %) Te (at. %) Pb (at. %) 
Ni 100.00 0.00 0.00 
𝐍𝐢𝟑𝐓𝐞𝟐 61.25 37.84 0.91 
PbTe 0.00 49.45 50.55 
4.4.4. Thermodynamic study of the formation of  𝐍𝐢𝟑𝐓𝐞𝟐 compound  
The possibility of the formation of β2 phase as a result of the reaction between Ni 
and PbTe at 793 K was studied thermodynamically. Table 2 lists the heat capacity (𝑐𝑝) 
values as a function of temperature for the phases involved in the reaction. EBSD study 
confirmed that the thus-formed interphase is β2 Ni3±𝑥Te2 phase, so γ1 phase (Ni1.29Te, 
43.7 at. % Te) and δ phase (NiTe2−𝑥, 52.2 – 66.7 at. %), which are also stable phases at 
room temperature [140, 141], are excluded from the thermodynamic calculations. Table 
3 summarises the enthalpy, entropy, and Gibbs free energy of the components in Equation 
4.1 at 793 K and at room temperature. 
 








Temp. (K) 𝒄𝒑(T(K)) (𝐉 𝐦𝐨𝐥 𝐊⁄ ) Ref. 
β2 (Ni3±𝑥Te2, 38.8 − 41 at. % Te) Ni0.6Te0.4 
298.15 – 491.00 18.018 + 8.003 × 10−3T + 2.651 × 10−5T2 + 2.799 × 105T−2 
[14
0] 
491.00 – 610.00 118.871 − 0.184T + 1.121 × 10−4T2 − 6.295 × 106T−2 
610.00 – 793.15 54.715 − 3.430 × 10−2T + 1.555 × 10−5T2 − 3.006 × 106T−2 




298.15 – 601.00 23.556 + 9.749 ∙ 10−3T [14
3] 601.00 – 793.15 32.426 − 3.096 ∙ 10−3T 








Table 3. Thermodynamic data calculated from the 𝑐𝑝 values in Table 2. Values of entropy (𝑆𝑇), enthalpy (𝐻𝑇), and Gibbs free energy (𝐺𝑇) are 
calculated at room temperature, 293.15 K and at 793.15 K. 
Phase label Ref. formula Temp. (K) 𝑺𝑻 (𝐉 𝐊 𝐦𝐨𝐥⁄ ) 𝑯𝑻 (𝐤 𝐉 𝐦𝐨𝐥⁄ ) 𝑮𝑻 (𝐤𝐉 𝐦𝐨𝐥⁄ ) Ref. 
β2 (Ni3±𝑥Te2, 38.8 − 41 at. % Te) Ni3Te2 
298.15 200.00 -115.00 -174.63 
[140] 
793.15 348.37 -39.015 -315.33 
PbTe PbTe 
298.15 110.04 -68.618 -101.43 
[142] 
793.15 160.60 -43.255 -170.63 
Pb Pb 
298.15 29.874 0.0000 -8.9069 
[143] 
793.15 60.024 15.576 -32.032 
Ni Ni 
298.15 64.785 0.0000 -19.316 
[143] 
793.15 99.810 18.440 -60.724 
 
 




Table 4 summarises the entropy (ΔrST ), enthalpy (ΔrHT), and Gibbs free energy 
(ΔrGT) of the reaction at room temperature and at 793 K. The ΔrGT of the reaction is slightly 
above zero and may suggest that the spontaneous reaction of compounds at 793 K is 
impossible. The temperature of the assembly in the SPS was measured at a distance from 
the area of the reaction, however, resulting in a few degrees difference between the actual 
temperature of the interface and the measured temperature. A previous study [86] 
suggested a reaction temperature of 793 K for β nickel telluride, when the thermodynamic 
data was adopted from different references to calculate the Gibbs free energy of the 
reaction. 
Table 4. Thermodynamic data calculated for the reaction of PbTe with Ni. 
Chemical reaction Temp. (K) 
∆𝐫𝑺𝑻 
(𝐉 𝐊 𝐦𝐨𝐥⁄ ) 
∆𝐫𝑯𝑻 
(𝐤 𝐉 𝐦𝐨𝐥⁄ ) 
∆𝐫𝑮𝑻 
(𝐤𝐉 𝐦𝐨𝐥⁄ ) 
3𝑁𝑖 + 2𝑃𝑏𝑇𝑒 →  𝑁𝑖3𝑇𝑒2 + 2𝑃𝑏 
298.1500 19.8680 22.2360 16.3120 
793.1500 46.7310 37.6470 0.5827 
4.4.5. Pseudo binary phase diagram Ni–PbTe 
According to both the pseudo-binary phase diagram, seen in Figure 4.7, of Ni-PbTe 
[144] and Equation 4.1, one of the reaction products of Ni with PbTe during sintering is 
pure lead, with a melting point of 600 K. Nevertheless, no pure Pb was observed by 
detailed microscopy of the cross-section of the sintered sample. Through stoichiometric 
calculations using Equation 4.1 and considering the densities of the different layers plus 
the volume of the die, it is estimated that there should be a layer of Pb approximately 20 
μm in thickness at the PbTe to Ni interface. Therefore, Pb, if existent, should be easily 
identified in the SEM images. No trace of Pb was found in the sample during microscopy 
analysis, however. The melting point of Pb (600 K) is lower than the sintering 
temperature of 793 K. The observed small quantity of sintered material on the inner walls 




of the graphite die suggests an expulsion mechanism. It is proposed that the liquid Pb that 
was generated during the heating process was forced to leave the interface by the high 
uniaxial pressure. The expulsion of materials with lower melting points than the sintering 
temperature was previously reported during sintering by SPS [145]. 
 
Figure 4.7. Pseudo-binary phase diagram for Ni–PbTe. 
4.4.6. Optimization of SPS bonding conditions 
In order to confirm the optimal bonding temperature for the PbTe/Ni, the interface 
of Ni with PbTe powder was studied after sintering at various temperatures under 40 MPa 
pressure for 10 minutes. Figure 4.8 shows the bonded areas for the 723 K, 793 K, and 873 
K sintering temperatures. Figure 4.8(a) and (b) presents the backscattered electron 
micrographs of the Ni and the n-type PbTe interface, which was bonded at 723 K. Ni plate 




was successfully bonded to well-sintered PbTe, and inhomogeneous reaction products 
were observed on the PbTe side near the PbTe/Ni interface. On the other hand, Figure 
4.8(c) and (d) exhibits a homogeneous interphase for the reaction temperature of 793 K. 
The thickness of the interphase has also increased from ~3 µm to ~27 µm. When the 
sintering temperature was further increased to 873 K (Figure 4.8(e) and (f)), the 
thickness of the reaction layer (interphase) remained roughly constant. This could 
indicate a spontaneous reaction at a reaction temperature of ~793 K, forming a barrier 
layer, resulting in no further reaction between PbTe and Ni at higher temperatures. 
Nevertheless, small particles with the composition of the interphase in close proximity to 
the interface (PbTe/interphase) in Figure 4.8(d) have disappeared in Figure 4.8(f). These 
particles may have joined the interphase at higher sintering temperatures. More cracks 
and defects were observed in the sample sintered at 873 K. A continuous diffusion barrier 
layer is formed at 793 K, which is a temperature much lower than 873 K. This has benefits 
for PbTe as a thermoelectric material that is sensitive to sublimation at higher 
temperatures. 










Figure 4.8. SEM micrographs of the bonding area between PbTe and Ni after 
sintering under 40 MPa pressure for 10 minutes at temperatures of (a) and (b) 723 
K; (c) and (d) 793 K; (e) and (f) 873 K. 




The obtained bond in this study satisfies expectations by forming a homogeneous 
diffusion barrier in the contact area between the thermoelectric material and the nickel 
electrode by a one-step sintering process. The composition of the generated interphase is 
consistent with Ni3Te2 as the only intermetallic formed during the reaction. An earlier 
study [84] on the one-step bonding of Ni to n-type PbTe by rapid hot pressing found 
defects at the junction with the nickel electrode, which increased in number with the 
sintering time, allowing PbTe to diffuse and react inside the cracks. The main reported 
composition is Ni3±𝑥Te2 (38.6 – 41.0 at. % Te), and a ternary phase of Ni5Pb2Te3 is 
observed together with it via a eutectic reaction at the Ni/PbTe interface at 923 K. The 
continuous diffusion of elements into the defects in Ni electrode, where they can react at 
the TE multicouple operating temperature, was introduced as the major limitation of this 
sort of fabricated interface.  
In this section of this doctoral work I have formed a defect-free, fully reacted 
interface between Ni and n-type PbTe. The nickel electrode is free of defects, allowing 
homogeneous diffusion of the interlayer into the PbTe. The intermetallic formed is also 
the binary Ni3Te2 compound, and there is no evidence of a ternary phase. It is believed 
that the generated interphase could better prevent further reaction between the Ni 
electrode and the thermoelectric material. 
4.4.7. Aging test of as-bonded PbTe/Ni sample 
The highest performance of PbTe materials is obtained at 700–850 K [139], 
promoting the fabrication of TE multicouple designed to work at a similar hot side 
temperature. These conditions can be applied for an extended period of time, and 
therefore, long-term thermal stability of the interphase is essential for future TE 
multicouple performance. Sublimation is the main degradation mechanism for TE 




multicouple. If sublimation of materials at the hot side junction is significant over time, it 
could cause mechanical failure of the contact between the interphase and the TE material. 
The standard cross-sectional reduction due to sublimation is around 5–10 % over a 10 
year period. The sublimation rate of PbTe at 803 K is about 2 x 10−7  g cm2⁄ h  and 
7 x 10−7  g cm2⁄ h for 5 % and 10 % reduction, respectively [146]. In order to examine the 
thermal stability of the fabricated PbTe/Ni joints, an aging test at 803 K was conducted 
under vacuum. Figure 4.9 shows an optical microscope image after the joint was exposed 
to high-temperature conditions for 360 hours. The image proves that there is clear 
degradation of PbTe. The increase in porosity and cracks within the thermoelectric 
material exemplifies the effects of the sublimation mechanism at 823 K. With long-term 
usage, this could be detrimental to power performance or lead to mechanical failure 
between bonded layers. Despite the obvious damage to the sample after the test, it was 
still observed a well-defined and continuous interphase. 





Figure 4.9. Optical microscope image after the sample was encapsulated in a quartz 
tube under vacuum and aged for 360 hours at 823 K. 
EBSD analysis and EDS were also performed simultaneously on the thermally aged 
sample, which was prepared in the same way as the as-sintered sample. The analysis was 
performed to investigate any changes in the crystallographic structure of the interphase 
after the long-term thermal aging test. Figure 4.10 presents the band contrast (Figure 
4.10(a)) and phase distribution (Figure 4.10(b)) maps. The indexing of the EBSD map 
clearly delineates three phases, which are presented in light red (Ni), blue (Ni3Te2), and 
yellow (PbTe). This identifies the β2 Ni3±𝑥Te2 tetragonal phase as the sole composition of 
the interphase. Therefore, the chemical stability of the Ni3Te2 compound is confirmed by 
the absence of any evidence of its reactivity with respect to Ni and PbTe. The presence of 
twins is also noticeable at the grains of the Ni3Te2 phase. Twins are shown in dark red 
and have the same 82.5° [110] angle/axis relationship as in the as-sintered sample. With 
respect to the Ni3Te2 diffusion layer, cracks and porosity have increased compared to the 
as-sintered sample. These are represented in the EBSD map (Figure 4.10(b)) as unindexed 
white areas. Moreover, a slight separation between the Ni (light red) and Ni3Te2 (blue) 




phases is observed. This effect could have been caused by the cutting of the cross-section 
to perform the microscopic analysis. This is plausible due to the weakening of the 
interface bond that was caused by the larger number of pores in the diffusion barrier 
layer. Otherwise, it is suggested that differences in CTE were responsible for the cracking. 
No information is available in the literature on the CTE of Ni3Te2 phase, so it is impossible 
to draw a conclusion on this matter. EDS maps of the Ni, interphase, and PbTe interfaces 
for the aged sample are presented in Figure 4.10(c), (d), and (e). The micrographs show a 
distinct interphase containing Ni and Te between the Ni electrode and the PbTe 
thermoelectric material. The elemental distribution of the three layers resembles that in 
the as-sintered sample, with an interphase thickness of roughly 30 µm. It appears that the 
wide Ni3Te2 diffusion barrier layer prevented diffusion of Ni into the PbTe phase. Two 
possible reaction products are reported between Ni3Te2 and PbTe [39]: Ni2PbTe4 [147] 
and Ni3PbTe3 [144]. There is no thermodynamic data available for these phases, however, 
and it is observed no new phases that were formed during the aging test, as is evident 
from the EDS analysis shown in Figure 4.10(c-e). Blocking any continuous reaction with 
PbTe is essential for maintaining bonding performance. The chemical composition and 
thickness of the barrier layer of Ni3Te2 remain constant after the aging test, proving the 
effectiveness of the present bonding method between Ni electrode and n-type PbTe. 








   
(c) (d) (e) 
Figure 4.10. (a) EBSD band contrast map, (b) EBSD phase distribution map. EDS 
mapping of PbTe/Ni aged thermally at 823 K for 360 hours: (c) Te elemental 
mapping, (d) Pb elemental mapping, (e) Ni elemental mapping. 





Nickel plate was successfully bonded to n-type PbTe by one-step sintering using 
SPS. The β2 phase Ni3±𝑥Te2 was identified as the sole compound formed at the Ni/PbTe 
interface. A uniform interphase layer of Ni3Te2 with a continuous thickness of ~30 µm 
was achieved at 793 K within 10 minutes. No defects were observed on the Ni electrode, 
allowing the reaction to occur in the contact area between the nickel and the lead telluride. 
Testing after thermal aging at 823 K for 360 hours showed the chemical stability of the 
fabricated interphase, with no significant increase in the thickness. This confirms that no 
further reaction occurs between PbTe and Ni at the aging temperature. Nevertheless, 
degradation of PbTe was observed after aging, suggesting that lower application 
temperatures should be selected for TE multicouples fabricated from PbTe. The 
interphase achieved herein is a suitable diffusion barrier, and one-step sintering of PbTe 
powder to Ni electrode is a promising technique for fabrication of thermoelectric 
multicouples from PbTe. 
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5. Resolving pseudo-symmetry and 
understanding the disorder-order transition 
in the 𝛃𝟐 phase of nickel telluride 
5.1. Preface 
After the observation of Ni3±𝑥Te2 as result of the reaction between Ni and PbTe 
materials in bulk sample, this chapter studies the phase identification and orientation 
analysis using microscope technique of EBSD. Due to past studies on the binary Ni-Te 
system done exclusively in powder samples, here identification of bulk sintered material 
is undertaken resulting in problems of pseudo-symmetry in the β2  phase, which is solved 
using a substitution method of crystal structures and an orientation substitution 
approach. This chapter provides a solid base for posterior studies on similar structures 
undergoing the same issues during EBSD analysis. 
5.2. Introduction 
The bonding of the well-known thermoelectric material lead telluride (PbTe) to a 
functional nickel electrode results in a binary compound, nickel telluride at the interface 
[1, 86]. In order to have a better understanding of the behaviour of the PbTe-Ni bond for 
thermoelectric applications, the crystallographic identification of the interfacial nickel 
telluride phase between them is important. This task is complicated by the wide range of 
possible compositions in the binary Ni-Te system.  
To-date, all phases and correlated crystal structures of Ni-Te were ascertained 
from X-ray diffraction studies on powder samples. To the best of the authors’ knowledge, 
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there has been no phase discrimination work undertaken on bulk Ni-Te samples nor any 
orientation microscopy study of this alloy to-date. 
The binary Ni-Te system phase diagram comprises three nominal phase types 
namely,  Ni-rich β (β1, β1
′  and β2), intermediate γ (γ1 and γ2), and Te-rich δ [148, 149]. As 
per the phase diagram of Klepp and Komarek [150], the high temperature β1 phase (fcc) 
has maximum widths extending from 37 at.% Te (at 1004.5 °C) to 43.5 at.% Te (880 °C). 
Below 793 °C, the β1 phase transforms to β1
′  (fcc). At 37.7 at.% Te and 731°C, the β1
′  phase 
undergoes a eutectoid decomposition to Ni and β2. Alternatively, at temperatures below 
790°C, the β1+β1
′  phases transform to β2; with the latter phase having maximum widths 
extending from 38.8 at.% Te (731 °C) to 41 at.% Te (775 °C). Consequently, at room 
temperature the β2 phase is considered broadly homogeneous and stable. In the binary 
phase diagram, it exists between metallic Ni (≤ 38.8 at.% Te) and  compound NiTe0.9 (≥ 
41 at.% Te) [150, 151]. 
In this study, I focus on the β2 phase whose chemical composition is nominally 
referred to as Ni3±xTe2 and is typically reported to be crystallographically similar to 
defective/metal deficient Cu2Sb-type (space group 129, 𝑃4/𝑛𝑚𝑚) [5, 11] or Rickardite –
type (Cu4−xTe2, [148]) structures. Alternatively, Ball et al. [140] reported that the β2 
phase transforms from a tetragonal crystal structure (space group 129, 𝑃4/𝑛𝑚𝑚) at high 
temperatures (~790-337 °C) through an orthorhombic crystal structure (space group 59, 
𝑃𝑚𝑚𝑛) at intermediate temperatures (337-218 °C) into a monoclinic crystal structure 
(space group 11, 𝑃21/𝑚) between ~218 °C and room temperature.  
Stevels [152] and Kok et al. [151] showed that upon slow cooling from 577 °C to 
room temperature (presumably undertaken in a furnace), the high temperature, 
tetragonal Ni2.86Te2 (space group 129, P4/nmm) transforms to either room temperature 
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monoclinic Ni3Te2 (space group 11, 𝑃21/𝑚) or tetragonal Ni2.86Te2 (space group 115, 
𝑃4̅𝑚2). Both the latter phases are said to possess 𝑎-axes that are double that of the high 
temperature tetragonal crystal system. 
Stevels [152] additionally undertook a theoretical analysis using Landau theory 
[153] to show that second-order transformations from a high temperature tetragonal 
crystal structure to room temperature monoclinic and/or tetragonal crystal structures 
were not possible without the formation of an intermediate orthorhombic phase (space 
group 59, 𝑃𝑚𝑚𝑛). In agreement with this, Kok et al. [151] showed that the formation of 
an intermediate orthorhombic phase between 247 °C and 77 °C is necessary to transition 
from a high temperature tetragonal crystal structure to room temperature Ni3Te2 
monoclinic or Ni2.86Te2 tetragonal crystal structures. They reported the high temperature 
tetragonal crystal structure as comprising point group D4h
7 , described as a layer-like 
arrangement of Te and Ni(I) atoms with half-occupancy, interstitial Ni(II) atoms located 
at octahedral sites between the layers. Conversely, upon quenching from 330 °C, the same 
study also found a room temperature orthorhombic crystal structure co-existing with the 
room temperature monoclinic crystal structure; instead of the room temperature 
tetragonal crystal structure [151].  
From the above, there is clear disagreement with respect to the crystal structures 
of the room temperature β2 phase. Regardless of these disagreements, the room 
temperature monoclinic, orthorhombic and tetragonal crystal structures are considered 
superstructures [151], with the latter signifying the repetition of a unit cell within a 
crystal structure. Superstructures were determined during X-ray analysis conducted by 
Kok et al. [151] when the β2 phase underwent a transition during heating from a room 
temperature monoclinic crystal structure to an orthorhombic structure at 167 °C. That 
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study cited the unidentifiable (h ± 0.425, k, l) reflections as proof of the existence of a 
superstructure.  
The above X-ray diffraction studies [148, 151] have also reported that the β2 phase 
most probably undergoes a disorder-order transition from high temperature tetragonal 
crystal structure to room temperature monoclinic and tetragonal superstructures. In this 
regard, Barstad et al. [148] cited an earlier study by Forman and Peacock on Rickardite-
type Cu2.8Te2 [154] to provide the justification for an disorder-order transition in the β2 
phase. The similarities in the intensity ratios of the crystal structures in the β2 and 
Cu2.8Te2 phases led the authors to conclude that the interstitial Ni(II) atoms in the β2 
phase were similar to the random distribution of the extra 0.8 Cu atoms over equivalent 
positions in the Cu2.8Te2 unit cell. Consequently, the interstitial Ni(II) atoms in the β2 
phase were associated with the disorder-order transition from high to room 
temperatures. 
Over the last two decades, the scanning electron microscope -based electron back-
scattering diffraction (EBSD) technique has been routinely used for phase discrimination 
work in bulk, multiphase polycrystalline samples [127]. In brief, EBSD necessitates tilting 
a sample 70° to the horizontal and rastering an incident electron beam across its highly 
polished, almost defect-free surface at a fixed, user-defined step size. At each step, the 
electron beam interacts with the sample such that a fraction of the back-scattered 
electrons that are inelastically scattered with a small energy loss form a divergent source 
of electrons close to the sample surface. Some of these inelastically scattered electrons are 
incident on atomic planes at near-angles that satisfy Bragg’s law and undergo diffraction. 
The latter results in characteristic Kikuchi bands comprising pairs of large-angled Kossel 
cones that correspond to the underlying diffracting plane. Consequently, an electron back-
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scattering pattern (EBSP) is a gnomonic projection of multiple Kikuchi bands intersecting 
each other around various zone axes and collected on the phosphor screen of the EBSD 
detector.  
In most commercial EBSD software, the geometric process of determining crystal 
orientation (or “indexing”) begins with a Hough transformation of the EBSP and the 
application of a butterfly filter [128]. A unique orientation solution is obtained when six 
or more Kikuchi bands in the experimental EBSP are close to coincident with the 
simulated Kikuchi bands of a reference crystal [129, 130]. The degree of misfit between 
the experimental and simulated Kikuchi bands is expressed as the mean angular deviation 
(MAD) such that robust orientation solutions comprise MAD values ≤0.5°. In the case of 
multi-phase samples, the successful indexing of a sampled point comprises accurate 
phase discrimination followed by solving for crystal orientation with respect to a pre-
defined macroscopic coordinate system.  
Misindexing occurs when the Kikuchi bands in experimental EBSPs are poorly 
defined on account of sample processing conditions, surface preparation issues or when 
limitations in the mathematical Hough transformation and geometrical indexing 
algorithm lead to erroneous orientation solutions [131].  
Alternatively, misindexing also occurs when different crystal orientations exhibit 
similar Kikuchi patterns for a given phase or when the Kikuchi patterns of two or more 
crystal systems cannot be distinguished from each other. This problem relates to existing 
rotational symmetry elements within crystal systems that misinterpret an n-fold rotation 
axis as a 2𝑛-fold rotation axis [155]. Consequently, the failure of the geometrical algorithm 
to differentiate between two alternate but equally likely orientation solutions  is broadly 
referred as pseudo-symmetry [156]. Common techniques that help reduce pseudo-
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symmetry in EBSPs comprise: decreasing the accelerating voltage, reducing the sample-
to-EBSD detector distance, increasing the Hough space resolution, indexing with a larger 
number of Kikuchi bands and/or using Kikuchi band edges instead of band centres for 
indexing [157]. However, in the case of low symmetry crystal structures, such as the room 
temperature, monoclinic β2 phase of Ni-Te, pseudo-symmetry issues persist despite the 
application of the above solutions. 
With the above outlook in mind, the present study is the first to undertake an 
orientation imaging–based characterisation of the interfacial β2 phase in a bulk Ni-Te 
alloy. A method is presented whereby the online resources located on the Bilbao 
crystallographic server solve for pseudo-symmetry in this phase. This is accomplished via 
the minimal supergroups path that substitutes the low-symmetry, monoclinic crystal 
system with a virtual higher-symmetry, tetragonal crystal system. In doing so, this study 
also demonstrates the disorder-order transition in the β2 phase of the Ni-Te system. 
5.3. Experimental and analytical procedure 
99.99% purity Ni plate supplied by Advent Research Materials was bonded to a 
sintered PbTe pellet using an in-house developed rapid fabrication spark plasma sintering 
(SPS) system. The SPS system comprises a vacuum chamber and vertically placed 
stainless steel electrodes; both of which are connected to an external water circulation 
system. A Ni plate and pre-sintered PbTe pellet are placed in-between graphite spacers, 
with the stainless steel electrodes subjecting this entire assembly to compression at 20 
MPa. The interfacial β2 phase forms between the Ni plate and a pre-sintered PbTe pellet 
at temperatures up to 520 °C. Following this, room temperature water circulates through 
the chamber walls and electrodes to rapidly cool the pellet down at ~2 °C/s via a 
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combination of radiative and conductive cooling. Further processing details are provided 
in [3]. 
The pellets were cross-sectioned on a Struers Accutom-10 operating at 0.015 
mm/s feed rate with a water-based lubricant. The cross-sectioned pellets were hot 
mounted in Struers Polyfast conductive resin (comprising a mixture of bakelite and 
graphite) and mechanically polished up to the 1 µm diamond stage. Thereafter, in order 
to achieve the surface quality demanded by EBSD, the polished cross sections were 
further ion milled on a Leica TIC-020 cross-sectional ion mill operating at 1 kV for 20 
hours.  
EBSD was undertaken on a JEOL JSM-7001F field emission gun-scanning electron 
microscope operating at 15 kV, ~6.5 nA probe current, 12 mm working distance, and 
1500× magnification and fitted with an Oxford Instruments (OI) Nordlys-II(S) camera 
interfacing with the AZtec acquisition software suite. A step size of 0.1 µm was employed 
such that a map comprising 690 x 135 pixels was collected over 16 hours corresponding 
to an area of 69 × 13.5 µm2.  
The cards to index the EBSPs of the Ni, monoclinic Ni3Te2 and PbTe phases were 
produced from *.CIF files downloaded from the International Crystal Structure Database 
(ICSD) server and converted to *.CRY files suitable for input into the OI Aztec software 
suite. 
At each pixel, the image of the EBSP was saved upon acquisition at an exposure 
time of ~12 ms using 4 × 4 binning and one background frame. Subsequent post-
processing involved indexing of up to 10 bands Kikuchi bands at a constant Hough 
resolution of 60. A default number of 44 and 40 reflectors were used for Ni and PbTe, 
respectively. A default number of 44 reflectors were also used for monoclinic Ni3Te2 (Step 
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I, refer to Section 3.2 and Fig. 4 for details), the other monoclinic β2 phases (Steps II and 
III) and the orthorhombic β2 phase (Step IV). Alternatively, a default number of 42 
reflectors were used for tetragonal β2 (Step V) and 35 reflectors for tetragonal Ni2.86Te2. 
In cases when the β2 phase presents with pseudo-symmetry (Steps I-IV), most of the zero 
solutions are within grain interiors. On the other hand, when the β2 phase is correctly 
indexed without pseudo-symmetry errors, most zero solutions tend to be located only at 
boundary interfaces.  
Post-processing of all maps was undertaken using the OI Channel-5 software suite 
by removing wild orientation spikes and filling-in zero solutions via cyclic extrapolation 
from 8 to 6 neighbours. In all maps, (sub)grain structures are defined by a minimum of 
ten pixels and are bounded by misorientations (θ) ≥ 2°. Here 2° ≤ θ < 15° are defined as 
low-angle boundaries (LABs, blue) whereas θ ≥ 15° denote high-angle boundaries (HABs, 
black). All pseudo-symmetry boundaries and twin boundaries are defined using their 
preferential angle-axis relationship with an angular deviation (𝛿) = ±5°. 
In the following Section 3, two approaches are described to resolve pseudo-
symmetry issues. The first comprises the conventional approach undertaken within the 
Oxford Instruments Channel-5 software whereas the second uses the software tools 
located online on the Bilbao crystallographic server [158]. 
5.4. Results and discussion 
5.4.1. Resolving pseudo-symmetry using the OI Channel-5 software 
suite 
Prior energy dispersive X-ray spectroscopy of the interfacial β2 phase suggested 
the formation of an intermetallic compound with the chemical formula Ni3±xTe2 [3]. Since 
most X-ray diffraction studies on powder samples to-date suggest a stable, room 
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temperature monoclinic Ni3Te2 phase [151, 152], the starting point of this orientation 
microscopy study uses monoclinic Ni3Te2 (Table 5) to index the β2 phase of the EBSD 
map. 
 
Chapter 5: Resolving pseudo-symmetry and understanding the disorder-order transition in the 𝛃𝟐 phase of nickel telluride 
92 
 
Table 5. Description of Ni3Te2 monoclinic crystal structure, and virtual monoclinic crystal structure after removing interstitial Ni atoms (dashed 
red rectangle) detailing space group (number, name), lattice parameters, and structure parameters (atom, descripta, spatial position (x, y, z), 
occupation, Wyckoff position, symmetry).  
Space group Lattice parameters Structure parameters 
(No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
11, 𝑃21/𝑚 7.5382 3.7934 6.0883 90.000 91.159 90.000 Ni Ni1 0.6330 0.2500 0.2980 1.00 2e m 
        Ni Ni2 0.3730 0.2500 0.0070 1.00 2e m 
        Ni Ni3 0.8730 0.2500 0.9920 1.00 2e m 
        Te Te1 0.1181 0.2500 0.7158 1.00 2e m 
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Figure 5.1. (a) As-indexed superimposed band contrast and phase map of Ni3Te2 
monoclinic crystal structure. (b, c) Inverse pole figure (IPF) map along the map vertical 
direction of Ni3Te2 monoclinic crystal structure. (d) Histogram of relative frequency vs 
misorientation angle indicating indexing errors within the β2 phase comprising pseudo-
symmetric boundaries with angle/axes corresponding to 90°[001] (purple), 180°[001] 
(teal) and 180°[100] (yellow). 
Figure 5.1(a) comprises a band contrast and superimposed phase map with cracks 
and holes within the Ni-Te interfacial layer clearly visible in black. The top Ni (in red) and 
bottom PbTe (in green) layers average ≥98% indexing whereas the interfacial β2 phase 
(in blue) is poorly indexed at 70.74% (The indexing rate for the interfacial β2 phase was 
calculated by subtracting the contributions of Ni, PbTe and holes/cracks from the total 
number of zero solutions in all as-indexed maps).  
Following the removal of wild orientation spikes and filling-in zero solutions via 
cyclic extrapolation, an inverse pole figure (IPF) map is plotted (Figure 5.1(b)) along the 
map vertical direction, which is parallel to the macroscopic compression axis. Indexing 
errors are clearly apparent within the β2 phase as every grain contains pseudo-symmetric 
boundaries (Figure 5.1(c) and Figure 5.1(d)) with angle/axes corresponding to 90°[001] 
(purple), 180°[001] (teal) and 180°[100] (yellow). The presence of localised regions 
within individual grains comprising two or more distinct orientations delineated by 
erroneous boundaries with specific angle/axis relationships is symptomatic of pseudo-
symmetry. In turn, this error also suggests the possibility of indexing the Ni-Te phase with 
a crystal structure of higher symmetry (see 5.4.2 for details). 
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Figure 5.2. (a) Band contrast and phase map of Ni3Te2 monoclinic crystal structure after 
erroneous boundary types were pre-defined and replaced with average orientation data 
using the OI Channel-5 software suite. (b, c) Inverse pole figure (IPF) map along the map 
vertical direction of Ni3Te2 monoclinic crystal structure after removal of pseudo-
symmetry problems using the OI Channel-5 software suite method. (d) Histogram of 
relative frequency vs misorientation angle indicating indexing errors within the β2 phase 
comprising only low angle boundaries (blue). 
Within the OI Channel-5 software suite, the only available means of resolving 
pseudo-symmetry involves eliminating the erroneous boundaries as follows. A 2° critical 
angle for computing grains is first specified. Following this, the angles/axes of all three 
erroneous boundary types are manually pre-defined. During the initial search for the 
bounds of individual grains, the program disregards the pixels within these pre-defined 
boundaries. Once a contiguous grain structure is estimated, the program replaces the 
orientation data contained within the pre-defined boundaries with the average 
orientation data from the rest of the grain. In doing so, the erroneous boundaries are 
eliminated (Figure 5.2(a) and Figure 5.2(b), compare Figure 5.1(d) and Figure 5.1(d)). 
However, the process also results in the generation of spurious low-angle and high-angle 
boundaries (Figure 5.2(c)). 
While this procedure is relatively easy to execute, there is a major drawback 
inherent to this approach. The replacement of the orientation data contained within the 
pre-defined boundaries with the average orientation data from the rest of the grain is 
undertaken without checking for pseudo-symmetry errors (i.e. – no check is performed 
to ascertain the accuracy of the orientation solution either within the pre-defined 
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boundaries or from the rest from the grain) [159]. Consequently, the following section 
describes a method that checks for and eliminates pseudo-symmetry on a 
crystallographic basis. 
5.4.2. Resolving pseudo-symmetry in the 𝛃𝟐 phase using the tools on the 
Bilbao crystallographic server 
The PSEUDO program utilises crystallographic information files (*.CIF) as input 
data. The software checks for and eliminates pseudo-symmetry via a path of minimal 
supergroups towards a higher symmetry virtual parent crystal structure. The calculation 
of supergroups, G𝑖 (where 𝑖 = 1, 2, 3,…), for a given space group, U, associated with a 
crystal structure, S, involves the mathematical left coset operation on S [160]. Once all the 
possible supergroups are derived, the atomic positions in S undergo a quantitative 
comparison to their corresponding sites in each of the obtained supergroups. The 
supergroups whose atomic positions differ by less than a given tolerance (pre-defined as 
1 or 2 Å, with 2 Å being the maximum advised tolerance recommended by the software 
developer) are flagged as possible solutions for pseudo-symmetry in S. When at least one 
supergroup is deemed a possible solution, the same process repeats itself until a maximal 
pseudo-symmetry solution is reached.  
Strictly speaking, the PSEUDO program in its present form should not be applied to 
monoclinic/triclinic crystal structures or to materials that undergo disorder-order 
structural transitions. However, the *.CIF input data of the room temperature Ni3Te2 
monoclinic crystal structure (Figure 5.4(a)) can be modified beforehand and then used as 
input into the PSEUDO program as follows. 
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Figure 5.3. Flow diagram comprising Step I, which modifies the *.CIF file of the room temperature Ni3Te2 monoclinic crystal structure 
by removing the interstitial Ni atoms, and  Steps II-IV undertaken by the PSEUDO program to resolve pseudo-symmetry presented in 
chronological order from left to right. Each step refers to the derived supergroup with the following details: (i) the space group name 
and number, (ii) matrices of transformation to the root and to the previous node and, (iii) the maximal atomic displacement of the 
derived supergroup with respect to the initial crystal structure (in this case, Step II). The supergroups delineated by a sol id rectangle 
were obtained by PSEUDO using a 1 Å atomic position tolerance whereas the supergroups denoted by dashed rectangles were obtained 
using a 2 Å tolerance. 
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In the current study, the disorder-order transition between the tetragonal-
orthorhombic-monoclinic crystal structures of the β2 phase is based on the ordering of 
the interstitial Ni atoms located at the octahedral sites of the monoclinic crystal when 
cooling to room temperature [148, 151] (see 5.4.3 for further details). Therefore, prior to 
using the PSEUDO program, Step I comprises modifying the *.CIF file of the room 
temperature Ni3Te2 monoclinic crystal structure by removing the interstitial Ni atoms, 
denoted as Ni1 in Figure 5.4(a) and located within the dashed red rectangle in Table 5. 
The generated virtual monoclinic crystal structure (Figure 5.4(b)) is used in Step II to 
resolve pseudo-symmetry as shown in the flow diagram (Figure 5.3).  
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(c) (d) (e) 
Figure 5.4. Representation of crystal structures obtained during the resolution of pseudo -
symmetry using PSEUDO program (a) Ni3Te2 monoclinic crystal structure (space group 
11, 𝑃21/𝑚, Step I, Fig. 3). (b) virtual monoclinic crystal structure  after removal of 
interstitial Ni atoms (space group 11, 𝑃21/𝑚, Step II, Fig. 3). (c) monoclinic crystal 
structure (space group 11, 𝑃21/𝑚, Step III, Fig. 3). (d) orthorhombic crystal structure 
(space group 59, 𝑃𝑚𝑚𝑛, Step IV, Fig. 3). (e) tetragonal crystal structure (space group 129, 
𝑃4/𝑛𝑚𝑚, Step V, Fig. 3). 
Figure 5.3 comprises the Steps II-V undertaken by the PSEUDO program to resolve 
pseudo-symmetry presented in chronological order from left to right. Each step refers to 
the derived supergroup with the following details: (i) the space group name and number, 
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(ii) matrices of transformation to the root and to the previous node and, (iii) the maximal 
atomic displacement of the derived supergroup with respect to the initial crystal structure 
(in this case, Step II). 
The search for and elimination of pseudo-symmetry by PSEUDO begins with a 
virtual monoclinic crystal structure (Figure 5.3 (Step II) and Figure 5.4(b), Table 5). Three 
possible solutions to the pseudo-symmetry problem branch out at Step III. The 
supergroup delineated by a solid rectangle was obtained using a 1 Å atomic position 
tolerance whereas the supergroups obtained above and below it, and denoted by dashed 
rectangles were obtained using a 2 Å tolerance. Correspondingly, the latter supergroups 
comprise atomic displacements of ~0.93-0.95 Å which are roughly twice of that of the 
~0.05 Å atomic displacement of Step III. A higher atomic position tolerance does lead to 
possible crystal structure solutions with higher symmetries (here, orthorhombic (space 
group 59, 𝑃𝑚𝑚𝑛) and monoclinic (space group 12, 𝐶2/𝑚) crystal structures) compared 
to the monoclinic crystal structures of Steps II and III (space group 11, 𝑃21/𝑚). However, 
it is pointed out that all branches eventually lead to the final solution in Step V. 
Consequently, the shortest path to a pseudo-symmetry solution follows supergroups with 
the smallest atomic displacement. Based on this, the pathways denoted by dashed 
rectangles obtained using a 2 Å tolerance are ignored whereas the pathway delineated by 
the solid rectangle obtained using a 1 Å tolerance is followed from Step II to conclusion at 
Step V.  
Figure 5.5 - Figure 5.8 illustrate the effect of the obtained crystal structures on the 
indexing of the EBSPs and the changes in pseudo-symmetry of the β2 phase between Steps 
II and V. At each step, the *.CIF file outputted from PSEUDO is converted to a *.CRY file 
suitable for input into the OI Aztec software suite in order to index the EBSPs of the β2 
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phase. Analogous to Figure 5.1, Figure 5.5(a) - Figure 5.8(a) comprise the as-indexed 
superimposed band contrast and phase map. Following the removal of wild orientation 
spikes and filling-in zero solutions via cyclic extrapolation, inverse pole figure (IPF) maps 
are plotted in Figure 5.5(b)-Figure 5.8(b) along the map vertical direction, which is 
parallel to the macroscopic compression axis. In Figure 5.5(b)-Figure 5.7(b) and the 
relative frequency versus misorientation histograms in Figure 5.5(c)-Figure 5.7(c), 
indexing errors are clearly apparent within the β2 phase as every grain contains pseudo-
symmetric boundaries (also denoted in angle/axis convention). The angle/axis of twin 
boundaries in the β2 phase is shown in Figure 5.8c. 
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Figure 5.5. (a) As-indexed superimposed band contrast and phase map of virtual 
monoclinic crystal structure (space group 11, 𝑃21/𝑚, Step II, Fig.3). (b) Inverse pole 
figure (IPF) map along the map vertical direction of virtual monoclinic crystal 
structure. (c) Histogram of relative frequency vs misorientation angle indicating 
indexing errors within the β2 phase comprising pseudo-symmetric boundaries with 
angle/axes corresponding to 45°[001] (aqua), 90°[001] (purple), 135°[001] (lime 
green), 180°[001] (teal) and 180°[100] (yellow). 
The effect of removing the Ni1 atoms from the Ni3Te2 monoclinic crystal structure 
and generating a virtual monoclinic crystal structure (Figure 5.4(b), Table 5, space group 
11, 𝑃21/𝑚) which was then used to re-index the EBSPs in Step II is shown in Figure 5.5. 
Similar to Figure 5.1(a), the overall rate of indexing of the β2 phase is poor at 73.93% 
(Figure 5.1(a)). Furthermore, after post-processing, the grains contain pseudo-symmetric 
boundaries (Figure 5.1(b) and Figure 5.1(c)) with angle/axes corresponding to 
45°[001] (aqua), 90°[001] (purple), 135°[001] (lime green), 180°[001] (teal) and 
180°[100] (yellow). The 45° periodicity in the misorientation angle around the [001] axis 
confirms the existence of pseudo-symmetry and enables derivation of the next 
supergroup in Step III (Figure 5.3 and Figure 5.6, Table 6). 
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Table 6. Description of monoclinic crystal structure obtained in Step III of pseudo-symmetry resolution using PSEUDO detailing space group 
(number, name), lattice parameters, and structure parameters (atom, descripta, spatial position (x, y, z), occupation, Wyckoff position, 
symmetry). 
ID Space group Lattice parameters Structure parameters 
 (No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
III 11, 𝑃21/𝑚 3.7691 3.7934 6.0883 90.000 91.160 90.000 Ni Ni2 0.7460 0.2500 0.9995 1.00 2e m 
         Te Te1 0.2393 0.2500 0.7142 1.00 2e m 
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Figure 5.6. (a) As-indexed superimposed band contrast and phase map of 
monoclinic crystal structure (space group 11, 𝑃21/𝑚, Step III, Fig. 3). (b) Inverse 
pole figure (IPF) map along the map vertical direction of monoclinic crystal 
structure. (c) Histogram of relative frequency vs misorientation angle indicating 
indexing errors within the β2 phase comprising pseudo-symmetric boundaries with 
angle/axes corresponding to 45°[001] (aqua), 90°[001] (purple), 180°[001] (teal) and 
180°[100] (yellow). 
In Step III, the supergroup remains a monoclinic crystal structure (space group 11, 
𝑃21/𝑚, Figure 5.3). However, as seen in Figure 5.4(c) and Table 6, the 𝑎–axis of this 
monoclinic crystal structure is shortened by half while all other lattice parameters are 
constant. The derivation is specified by the matrix of transformation (2a, b, c; 0, 0, 0) seen 
in the flow diagram (Figure 5.3, Step III). Furthermore, the change from Step II to III 
results in a decrease in the number of Ni and Te atoms in the unit cell to just one of each 
(compare Table 5 and Table 6). Similar to Figure 5.1(a) and Figure 5.5(a), the overall rate 
of indexing of the β2 phase is poor at 71.80% (Figure 5.6(a)). After post-processing, the 
grains contain pseudo-symmetric boundaries (Figure 5.6(b) and Figure 5.6(c)) with 
angle/axes corresponding to 45°[001] (aqua), 90°[001] (purple), 180°[001] (teal) and 
180°[100] (yellow). The 45° and 90°periodicity in the misorientation angle around the 
[001] axis points to the persistence of pseudo-symmetry, which in turn leads to derivation 
of the next supergroup in Step IV (Figure 5.3 and Figure 5.7, Table 7). 
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Table 7. Description of orthorhombic crystal structure obtained in Step IV of pseudo-symmetry resolution using PSEUDO detailing space group 
(number, name), lattice parameters, and structure parameters (atom, descripta, spatial position (x, y, z), occupation, Wyckoff position, 
symmetry). 
ID Space group Lattice parameters Structure parameters 
 (No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
IV 59, 𝑃𝑚𝑚𝑛 3.7691 3.7934 6.0883 90.000 91.160 90.000 Ni Ni2 0.7500 0.2500 0.9995 1.00 2b mm2 
         Te Te1 0.2500 0.2500 0.7142 1.00 2a mm2 
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Figure 5.7. (a) As-indexed superimposed band contrast and phase map of 
orthorhombic crystal structure (space group 59, 𝑃𝑚𝑚𝑛, Step IV, Fig. 3). (b) Inverse 
pole figure (IPF) map along the map vertical direction of orthorhombic crystal 
structure. (c) Histogram of relative frequency vs misorientation angle indicating 
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indexing errors within the β2 phase comprising pseudo-symmetric boundaries with 
angle/axes corresponding to 90°[001] (purple). 
In Step IV, the supergroup changes to an orthorhombic crystal structure (space 
group 59, 𝑃𝑚𝑚𝑛, Figure 5.3) as shown in Figure 5.4(d) and Table 7. In terms of lattice 
parameters, a non-orthogonal angle β = 91.16° is needed to continue with PSEUDO 
calculations (Table 7). However, the angle is changed to β = 90° for indexing the EBSPs. 
Compared to Figure 5.1(a), Figure 5.5(a) and Figure 5.6(a), the increase in crystal 
symmetry favours higher indexing rates for the β2 phase (98.89%, Figure 5.7(a)). 
However, after post-processing the grains still contain pseudo-symmetric boundaries 
(Figure 5.7(b) and Figure 5.7(c)) with angle/axes corresponding to 90°[001] (purple). 
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Table 8. Description of tetragonal crystal structure obtained in Step V of pseudo-symmetry resolution using PSEUDO detailing space group 
(number, name), lattice parameters, and structure parameters (atom, descripta, spatial position (x, y, z), occupation, Wyckoff position, 
symmetry). 
ID Space group Lattice parameters Structure parameters 
 (No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
V 129, 𝑃4/𝑛𝑚𝑚 3.7691 3.7934 6.0883 90.000 91.160 90.000 Ni Ni2 0.7500 0.2500 0.0000 1.00 2a -4m2 
         Te Te1 0.2500 0.2500 0.7142 1.00 2c 4mm 
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Figure 5.8. (a) As-indexed superimposed band contrast and phase map of tetragonal 
crystal structure (space group 129, 𝑃4/𝑛𝑚𝑚, Fig. 3). (b) Inverse pole figure (IPF) 
map along the map vertical direction of tetragonal crystal structure. (c) Histogram 
of relative frequency vs misorientation angle indicating within the β2 phase twin 
boundaries with angle/axis corresponding to 82.5°[110] (red). 
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In Step V, the supergroup changes to a tetragonal crystal structure (space group 
129, 𝑃4/𝑛𝑚𝑚, Figure 5.3) as shown in Figure 5.4(e) and Table 8. Once again, the non-
orthogonal angle β = 91.16° was changed to β = 90° for indexing the EBSPs. Compared to 
Step IV, a slightly higher rate of indexing of the β2 phase is returned (98.93%, Figure 
5.8(a)). Most importantly, pseudo-symmetric boundaries are absent in the IPF map, 
which suggests Step V as the resolution to the pseudo-symmetry issue. Concurrently, 
orientations in the β2 phase can be correctly indexed as virtual tetragonal crystal 
structures with some grains containing 82.5°[110] (red) twin boundaries (Figure 5.8(b) 
and Figure 5.8(c)). The substitution of Ni3Te2 monoclinic crystal structure with a virtual 
tetragonal crystal structure is justified based on: (i) the similarity between them when the 
𝑎–axis of the monoclinic crystal structure is shortened by half (compare Figure 5.4(b) and 
Figure 5.4(e)). (ii) The overall atomic displacements corresponding to a change from 
monoclinic to tetragonal crystal structures is only 0.003 Å (Figure 5.3). 
5.4.3. Understanding the disorder–order transition in the 𝛃𝟐 phase 
using the tools on the Bilbao crystallographic server 
5.4.3.1. Comparing the atomic positions of high temperature tetragonal and room 
temperature monoclinic crystal structures of the 𝛃𝟐 phase 
Section 5.4.2 shows that the room temperature Ni3Te2 monoclinic crystal structure 
can be correctly indexed without pseudo-symmetry errors as a virtual tetragonal crystal 
structure. It then follows that a comparison of the high temperature Ni2.86Te2 tetragonal 
crystal structure (Table 9) with the room temperature Ni3Te2 monoclinic crystal 
structure (Table 5) or the latter’s analogous virtual tetragonal crystal structure (Table 8) 
enables an understanding of the disorder-order transition in the β2 phase. 
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Table 9. Description of  Ni2.86Te2 tetragonal crystal structure with origin (Or.) 1 detailing space group (number, name), lattice parameters, and 
structure parameters (atom, descripta, spatial position (x, y, z), occupation, Wyckoff position, symmetry).  
Or. Space group Lattice parameters Structure parameters 
 (No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
1 129, P4/nmm 3.7820 3.7820 6.0620 90.000 90.000 90.000 Ni Ni1 0.0000 0.0000 0.0000 1.00 2a -4m2 
         Ni Ni2 0.0000 0.5000 0.6900 0.43 2c 4mm 
         Te Te1 0.0000 0.0000 0.2900 1.00 2c 4mm 
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 (a) (b) (c) 
Figure 5.9. Representation of crystal structures (a) Ni2.86Te2 tetragonal crystal structure 
described using origin 1.  (b) Ni2.86Te2 tetragonal crystal structure described using origin 
2 setting the inversion centre at (0, 0, 0). (c) virtual tetragonal crystal structure after 
removal of interstitial Ni atoms. 
To enable this comparison, the *.CIF file of the high temperature Ni2.86Te2 
tetragonal crystal structure obtained from the ICSD server (Figure 5.9(a)) must first 
undergo a change in origin from origin 1 to 2 in order for it be coincident with the 
convention system used by the tools on the Bilbao crystallographic server. The change in 
origin is achieved using the SETSTRU program, which sets the inversion centre at (0, 0, 
0). The change from origin 1 to 2 results in a tetragonal crystal unit cell with partially 
occupied Ni2 atoms (in origin 1 convention, Figure 5.9(a), Table 9) replaced with full 
occupancy (in origin 2 convention, Figure 5.9(b), Table 10). 
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Table 10. Description of  Ni2.86Te2 tetragonal crystal structure with origin (Or.) 2, and virtual tetragonal crystal structure after removing 
interstitial Ni atoms (dashed red rectangle) detailing space group (number, name), lattice parameters, and structure parameters (atom, 
descripta, spatial position (x, y, z), occupation, Wyckoff position, symmetry). 
Or. Space group Lattice parameters Structure parameters 
 (No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
2 129, P4/nmm 3.7820 3.7820 6.0620 90.000 90.000 90.000 Ni Ni1 -0.2500 0.2500 0.0000 1.00 2a -4m2 
         Ni Ni2 -0.2500 0.7500 0.6900 1.00 2c 4mm 
         Te Te1 -0.2500 0.7500 0.2900 1.00 2c 4mm 
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Following this, a comparison of the atomic positions between crystal structures is 
undertaken. To begin with, the Ni2 atoms of the high temperature Ni2.86Te2 tetragonal 
crystal structure, located within the dashed red rectangle in Table 10 , are removed; 
resulting in a virtual tetragonal crystal structure (Figure 5.9(c)). (i) This modified *.CIF 
file, (ii) the previously obtained virtual monoclinic crystal structure (Step I in Section 5.4.2 
(Figure 5.3 and Figure 5.4(b)) and Table 5 without the Ni1 interstitial atoms) and, (iii) the 
(2a, b, c; 0, 0, 0) matrix of transformation found previously by PSEUDO (see Section 5.4.2) 
are inputted into the AMPLIMODES program [161].  
AMPLIMODES determines the atomic displacements (or global structural 
distortion) that relate distorted crystal structure, S, (of lower symmetry) and its higher 
symmetry crystal structure counterpart, D, by undertaking a symmetry-mode analysis of 
the displacive type [161]. In order to do so, the program decomposes into different 
contributions the symmetry-breaking distortion of the low symmetry crystal structure. 
The AMPLIMODES program uses the matrix of transformation to transform the 
virtual tetragonal crystal structure (Table 10 without its Ni2 atoms) into a virtually 
transformed monoclinic crystal structure (Table 11) by determining the atomic 
displacements of the displacive phase transition between them. The atomic positions of 
this first virtually transformed monoclinic crystal structure are then compared with the 
previously obtained virtual monoclinic crystal structure (Step I in Section 5.4.2 (Figure 
5.3 and Figure 5.4(b)) and Table 5 without the Ni1 interstitial atoms).  
The results are shown in Table 11 such that the maximum atomic displacement is 
0.0629 Å. The latter value is well below 0.1 Å; indicating that a relatively small lattice 
distortion is behind the otherwise similar high temperature Ni2.86Te2 tetragonal and 
room temperature Ni3Te2 monoclinic crystal structures. It also suggests that the most 
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likely cause of the lattice distortion during the disorder-order phase transformation from 
high temperature tetragonal to room temperature monoclinic crystal structures is the 
structural ordering of the interstitial Ni atoms Ni1 and Ni2 in Table 5 and Table 10, 
respectively) during cooling. 
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Table 11. Description of first virtually transformed monoclinic crystal structure from the Ni2.86Te2 tetragonal crystal structure (without its 
interstitial atoms). Information detailed includes structure parameters (atom, descripta, spatial position (x, y, z), occupation, Wyckoff position, 
symmetry) and atomic displacement between virtually transformed monoclinic crystal structure and Ni2.86Te2 tetragonal crystal structure. 
Structure parameters Atomic Displacement 
Atom Descr. x y z Occ. Wp |u| 
Ni Ni2 0.3750 0.2500 0.0000 1.00 2e 0.0328 
Ni Ni3 0.8750 0.2500 0.0000 1.00 2e 0.0629 
Te Te1 0.8750 0.7500 0.2900 1.00 2e 0.0450 
Te Te2 0.3750 0.7500 0.2900 1.00 2e 0.0508 
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5.4.3.2. Comparing the interstitial Ni atoms of high temperature tetragonal and 
room temperature monoclinic crystal structures of the 𝛃𝟐 phase  
Section 5.4.3.1 shows the close proximity in atomic positions between the virtual 
tetragonal crystal structure (Figure 5.9(c)) and the virtual monoclinic crystal structure 
(Figure 5.4(b)). Thus, in order to study the disorder-order phase transformation from 
high temperature tetragonal to room temperature monoclinic crystal structures, the 
interstitial Ni atoms require analysis as follows. (i) The *.CIF file of the tetragonal crystal 
structure with full occupancy (in origin 2 convention, Figure 5.9(b), Table 10) and, (ii) the 
(2a, b, c; 0, 0, 0) matrix of transformation found previously by PSEUDO (see Section 5.4.2), 
are then inputted into the TRANSTRU program. 
TRANSTRU enables the transformation of a high-symmetry crystal structure to its 
low-symmetry equivalent [161]. Upon calculating the right coset for the decomposition of 
the high-symmetry crystal structure with respect to the low-symmetry crystal structure, 
the split orbits are returned. Here it is important to note that the program results in all 
possible atomic splits of the high-symmetry crystal structure in the reference system of 
the low-symmetry crystal structure. 
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Table 12. Description of second virtually transformed monoclinic crystal structure from the Ni2.86Te2 tetragonal crystal structure (with its full 
atomic configuration) detailing space group (number, name), lattice parameters, and structure parameters (atom, descripta, spatial position (x, 
y, z), occupation, Wyckoff position, symmetry). Information details all possible atomic splits due to the transformation from Ni2.86Te2 tetragonal 
crystal structure (with its full atomic configuration) into monoclinic crystal structure with obtained Ni atom (dashed red rectangle) inexistent 
in original Ni3Te2 monoclinic crystal structure in Table 1. 
Space group Lattice parameters Structure parameters 
(No., Name) a b c α β γ Atom Descr. x y z Occ. Wp Sym. 
11, 𝑃21/𝑚 7.5382 3.7934 6.0883 90.000 91.159 90.000 Ni Ni1 0.6250 0.2500 0.3100 1.00 2e m 
        Ni Ni2 0.3750 0.2500 0.0000 1.00 2e m 
        Ni Ni3 0.8750 0.2500 0.0000 1.00 2e m 
        Ni Ni∗ 0.8750 0.7500 0.6900 1.00 2e m 
        Te Te1 0.1250 0.2500 0.7100 1.00 2e m 
        Te Te2 0.6250 0.2500 0.7100 1.00 2e m 
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In the present case, TRANSTRU converts the high-symmetry tetragonal crystal 
structure with its full atomic configuration to a second virtually transformed monoclinic 
crystal structure (Table 12).  The results show that two Ni atoms and a single Te atom in 
the tetragonal crystal structure (Table 11) split into four Ni atoms and two Te atoms in 
the second virtually transformed monoclinic crystal structure (Table 12). 
Table 12 is then compared with the room temperature Ni3Te2 monoclinic crystal 
structure with full occupancy (Table 5, Figure 5.4(a)). Most atomic positions of the Ni and 
Te atoms in the second virtually transformed monoclinic crystal structure (Table 12) 
match with those in monoclinic crystal structure (Table 5); albeit with a slight distortion 
likely caused by the disorder-order structural transition.  
However, it is clearly seen that one of the split Ni atoms (denoted as Ni∗ in Table 12) is 
non-existent in the room temperature Ni3Te2 monoclinic crystal structure (Table 5). The 
observation is representative of the disorder-order transition from high temperature 
tetragonal to room temperature monoclinic crystal structures upon cooling. The 
interstitial Ni2 atoms in the high temperature tetragonal crystal structure are disordered 
(Table 10, Figure 5.9(b)); occupying the octahedral sites with a probability of 0.43 (Figure 
5.9(a)). The value of probability suggests that at any instance, approximately half of these sites 
are empty in an uncorrelated manner.  
On the other hand, in the room temperature Ni3Te2 monoclinic crystal structure with full 
occupancy (Table 5, Figure 5.4(a)), exactly half the octahedral sites are unoccupied and 
follow a perfect ordered pattern along the 𝑎-axis. For example, in Figure 5.4(a) two sites 
along the 𝑎-axis are occupied whereas two are not; resulting in the unit cell being duplicated along 
the 𝑎-axis.  
Given the above, it becomes apparent that if origin 2 is used as the basis for comparison, 
the high temperature Ni2.86Te2 tetragonal (Table 10) and room temperature Ni3Te2 
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monoclinic (Table 5) crystal structures are closely related in terms of their atomic 
positions and differ mainly in terms of the magnitude of their 𝑎-axes. Thus, the high 
temperature Ni2.86Te2 tetragonal crystal structure with full occupancy (in origin 2 
convention, Figure 5.9(b), Table 10) is a feasible alternative to index the EBSPs of the 
room temperature Ni3Te2 monoclinic (Table 5) crystal structure without pseudo-
symmetry errors (Figure 5.10). 
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Figure 5.10. (a) As-indexed superimposed band contrast and phase map of 
Ni2.86Te2 with origin 2 tetragonal crystal structure. (b) Inverse pole figure (IPF) 
map along the map vertical direction of Ni2.86Te2 tetragonal crystal structure. (c) 
Histogram of relative frequency vs misorientation angle indicating within the β2 
phase twin boundaries with angle/axis corresponding to 82.5°[110] (red). 
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Given the above, it becomes apparent that if origin 2 is used as the basis for comparison, 
the high temperature Ni2.86Te2 tetragonal (Table 10) and room temperature Ni3Te2 
monoclinic (Table 5) crystal structures are closely related in terms of their atomic 
positions and differ mainly in terms of the magnitude of their 𝑎-axes. Thus, the high 
temperature Ni2.86Te2 tetragonal crystal structure with full occupancy (in origin 2 
convention, Figure 5.9(b), Table 10) is a feasible alternative to index the EBSPs of the 
room temperature Ni3Te2 monoclinic (Table 5) crystal structure without pseudo-
symmetry errors (Figure 5.10). 
Analogous to Figure 5.1, Figure 5.10(a) comprises the as-indexed superimposed 
band contrast and phase map. Following the removal of wild orientation spikes and filling-
in zero solutions via cyclic extrapolation, the inverse pole figure (IPF) map is plotted 
(Figure 5.10(b)) along with the misorientation histogram (Figure 5.10(c)). 
When Figure 5.10 is compared with Figure 5.8(obtained in Step V when the 
supergroup changes to a tetragonal crystal structure (space group 129, 𝑃4/𝑛𝑚𝑚), Figure 
5.3 and Figure 5.4(e) and Table 8), it is immediately apparent that the orientation results 
are close and without pseudo-symmetry errors. It should be noted that the former case 
returns a slightly lower rate of indexing of the β2 phase (96.94% in Figure 5.10(a) 
compared to 98.93% in Figure 5.8(a)). Thus, it follows that for routine orientation microscopy 
investigations, the high temperature Ni2.86Te2 tetragonal crystal structure can be used to index 
the room temperature β2 phase. 
5.5. Conclusions 
The present study is an orientation imaging–based characterisation of the 
interfacial β2 phase in a bulk Ni-Te alloy that utilises the OI Channel-5 software suite and 
online resources located on the Bilbao crystallographic server to solve for the pseudo-
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symmetry errors associated with this phase. The nominal method of replacing the 
orientation data contained within user-defined pseudo-symmetric boundaries with the 
average orientation data from the rest of the grain, while easy to execute, results in 
erroneous orientation information.  
Alternatively, the online resources located on the Bilbao crystallographic server 
provide a means to check for and eliminate pseudo-symmetry on a crystallographic basis. 
The results of the PSEUDO, AMPLIMODES and TRANSTRU programs returned >98% 
indexing rate and no pseudo-symmetric errors when the EBSPs of the room temperature 
β2 phase were solved using a tetragonal crystal structure.  
A study of the disorder-order structural transition from high temperature 
tetragonal to room temperature monoclinic crystal structures showed that phase 
transformation is accompanied by a maximum atomic displacement of 0.0629 Å and a 
relatively small lattice distortion. Thus, both phases are closely related in terms of their 
atomic positions and differ mainly in terms of the magnitude of their 𝑎-axes (i.e. – the 𝑎-
axes of the tetragonal crystal structure is half that of the monoclinic one). In turn, for 
routine orientation microscopy investigations, the high temperature Ni2.86Te2 tetragonal 
crystal structure is a feasible alternative to indexing the room temperature β2 phase 
without pseudo-symmetry errors. 
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6. Solid–state bonding of bulk p-type PbTe to 
Ni electrode 
6.1. Preface 
The successful bonding of p-type PbTe to Ni electrode is achieved in the work of 
this chapter. The technique for the bonding is approached differently than that in Chapter 
4 between powder n-type PbTe and Ni plate. Here a solid-state bonding is presented using 
two bulk materials in p-type PbTe and Ni. The obtained results have improved those found 
in Chapter 4 since the same interphase compound discussed in Chapter 5 was also 
obtained with a significant decrease in bonding time. Moreover, a thinner effective 
diffusion barrier layer was formed. 
6.2. Introduction 
In Chapter 4, successful direct bonding of nickel electrode to n-type PbTe powder 
was obtained with the formation of an homogenous diffusion barrier of 27 µm composed 
of nickel telluride fabricated using the common SPS technique [1]. Nevertheless, tuning of 
the interphase thickness using the “one–step sintering” method proved to be challenging, 
since the use of powder material in any electrical–current–based sintering process 
facilitates diffusion of elements [91], which, in this specific case, resulted in the formation 
of a thick interlayer at the contact. The control of interphase geometry is essential to the 
design of a TE multicouple that is capable of achieving maximum power output and 
conversion efficiency at working temperatures [162, 163]. In the current study, I 
investigate the possibility of generating an effective bond between bulk p-type PbTe to Ni 
plate when reducing the thickness of the generated diffusion barrier layer.  
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SPS apparatus was employed to join solid p-type PbTe bulk to Ni plate. The bonding 
of thermoelectric materials using SPS with different types of electrodes has been widely 
studied in recent years [1, 88, 96, 137].The physics occurring in an SPS process are still 
not totally clear, however, in section 0 it is explained the current density distribution as 
well as heat dissipated in a conductive powder using a graphite die. The areas of maximum 
dissipated heat concentrate at the contact between sample and punches, see Figure 
2.8(d). This effect could be even larger when joining two dissimilar materials with 
possible issues of sample melting. Furthermore, the lower electrical resistance of graphite 
die at higher temperatures compared to that of PbTe, increases the complexity of current 
distribution across the assembly, see Figure 2.8, when bonding two dissimilar materials. 
Figure 6.1 shows the electrical resistances of graphite die and p-type PbTe sample to 
observe their evolution with temperature. The resistance of graphite die is calculated 
using resistivity given by the supplier of graphite, 2 mΩ cm, considering the die 
dimensions. The value of resistivity is roughly constant at the selected temperature range 
[164]. The results show that both room temperature values of resistances are quite 
similar, though gradually growing apart with increasing temperature. Then, the lower 
resistance of graphite die at higher temperature could result on an easier pathway for the 
supplied electrical current. 




Figure 6.1. Resistances of PbTe bulk pellet (solid symbols) of 1.5 mm thickness and 
resistance of graphite die (red solid line). 
Therefore, in order to simplify the bonding assembly, I avoided the graphite die by 
using bulk PbTe instead of powder in order to force the total supplied current to pass 
through the PbTe and Ni, eliminating the possible interaction of the current with the die. 
Nevertheless, a large release of heat will still occur in the contact area between the Ni and 
the PbTe due to high current densities resulting from point contacts originating from the 
surface roughness of materials [165].  
This method resulted in the formation of a thin and homogenous interphase layer 
of β2 phase nickel telluride (Ni3±𝑥Te2). A detailed analysis of the crystallographic 
structures at the Ni/PbTe interface was conducted, which showed the appearance of 
ordered superstructures of the β2 nickel telluride phase. 
6.3. Experimental details 
The spark plasma sintering equipment is used to join solid p-type PbTe bulk 
materials to Ni plate. This method can be described as solid–state interdiffusion bonding, 
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where the thermocouple readings are used to adjust the system supplied electrical 
current in order to control the temperature of bonding. The schematic illustration in 
Figure 3.8 is used for the purpose of this bonding. Possible radial variation in the 
interphase thickness could occur, which can be due to a temperature gradient in the 
sample’s diameter caused by the increase in radiation heat losses when compared to the 
usage of a graphite die. The temperature and holding time for the SPS procedure were 
optimised to achieve ideal bonding parameters, but nonetheless, the heating and cooling 
rates remained constant at 5 K min⁄  for all samples. 
The study of thermal stability of sample before and after bonded to Ni plate was 
performed via the measurement of thermoelectric transport properties on both cases. 
The removal of Ni plate and generated interphase of bonded sample was achieved using 
Struers Tegramin – 25 automatic polisher. A 2000 grid SiC abrasive paper and alcohol as 
lubricant, due to water sensitivity of Na – doped sample, was utilized for the polishing.  
EBSD results were obtained from a 69 × 13.5 μm2 area using a JEOL JSM – 7001F 
field emission–SEM operating at 15 kV, a roughly 6.5 nA probe current, and 1500 × 
magnification. The microscope used a Nordlys–II EBSD detector with Oxford Instruments 
Aztec software as interface. The conditions for EBSD mapping were previously calculated 
with 44, 42, and 40 reflectors employed for Ni, Ni3Te2 (virtual tetragonal), and PbTe 
phases, respectively, as well as 4 × 4 binning, 1 background frame, a Hough resolution of 
60, and simultaneously indexed individual Kikuchi patterns up to 6 bands. The overall 
indexing rate for the raw EBSD map was 99%. The step size employed was 0.06 µm, which 
was equivalent to a map resolution of 1150 × 225 pixels. 
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6.4. Results and discussion 
The interface temperature and the holding time for bonding are crucial parameters 
for the final quality of joint materials. It has been optimized the joining temperature, 
holding time, and pressure to effectively bond p-type PbTe to Ni electrode.  
  
(a) (b) 
Figure 6.2. (a), and (b) SEM micrographs of bonding areas at the PbTe/Ni interface 
after sintering under pressure of 20 MPa for 5 minutes at a temperature of 623 K. 
Figure 6.2(a) and (b) show SEM micrographs of the fabricated interphase between 
PbTe and Ni plate, generated by sintering at 623 K, 20 MPa for 5 minutes. Figure 6.2(b) 
delineates a new phase at the PbTe/Ni interface, indicating the occurrence of a reaction 
between the initial counterparts. The as-bonded interphase presents no major signs of 
cracks or defects, similar to the PbTe side of the sample (Figure 6.2(a)). The average 
thickness of the interlayer is approximately 3 µm, and the discontinuity in the morphology 
is unwanted for application in a thermoelectric multicouple. The lack of a defined 
diffusion barrier layer could lead to instability of the junction due to Ni diffusion into PbTe 
[166] or vice versa at the operating temperature of TE multicouple.  





Figure 6.3. (a), and (b) SEM micrographs of bonding areas at the PbTe/Ni interface 
after sintering under pressure of 20 MPa for 15 minutes at a temperature of 623 K. 
Therefore, in order to increase the fabricated thickness and thus obtain a more 
homogeneous diffusion barrier, the holding time for bonding was increased to 15 min 
(Figure 6.3(a) and (b)). The microstructures of the newly obtained interphase show no 
improvement, indicating that time has, in this case, no significant effect on the thickness. 
In addition, the Ni and the intermediate layer are physically separated (Figure 6.3(b)), 
and there is also a significant amount of cracking on the PbTe side (Figure 6.3(a)). This 
suggests that during the Ni/PbTe reaction, the holding time is a critical factor for the 
quality of bonding.  
The reaction occurring between Ni and PbTe is represented in Equation 6.1, 
thermodynamically investigated in Chapter 4 section 4.4.4, which presents solid nickel 
telluride and liquid lead as the reaction products. 
(3 ± 𝑥)Ni(s) + 2PbTe(s) → Ni3±𝑥Te2(s) + 2Pb(l) 6.1 
The theoretical thermodynamic calculations based on Equation 6.1 have identified 
793 K as the temperature for spontaneous reaction (Gibbs free energy, Δ𝐺 < 0). However, 
experiments undertaken in the current study indicate that 623 K is sufficient to initiate 
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the solid-state reaction between Ni and PbTe (Figure 6.2). Given such realization, it is 
important to emphasize that the disparity between temperatures could be due to the 
extra amount of radiation loss coming from the sample’s surface at the periphery in the 
newly proposed SPS assembly compared to that in Chapter 4, where the usage of a 
graphite die and its enveloping insulation prevented such losses from occurring. 
Additionally, the distance of roughly 3 mm between the end of the thermocouple and the 
Ni/PbTe reaction area, illustrated in Figure 3.8, is also a key factor for the experimental 
temperature reading due to the heat conduction through the bottom graphite punch. This 
separation is also present in assembly (Figure 3.7) used in Chapter 4, suggesting that the 
sample’s surface exposure in the current SPS assembly is also a cause for the low 
temperature reading by the thermocouple. 







Figure 6.4. (a) General schematic for a one-dimensional thermal model to explain 
the bonding of current assembly SPS inside the vacuum chamber. (b) Detailed 
description of bottom symmetry of thermal model, radiation heat losses, heat 
conduction, and different temperatures along the descriptive thermal model  
A one dimensional thermal model was performed (Figure 6.4) to determine the 
sample’s temperature (𝑇𝑠). This model assumes supplied heat per unit of cross sectional 
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area, A (φ = 12 mm) and a constant temperature (𝑇∞) of 294 K on the chamber walls. The 
chamber is under vacuum, and therefore, no convection losses are considered. The model 
accounts for heat radiating off the sample at the sample temperature, 𝑇𝑠, and the graphite 






Temperature 𝑇2 in Figure 6.4(a) is modelled to be the same as 𝑇𝑠. This assumption 
is made to simplify the model and consider a constant temperature 𝑇𝑠 for the whole PbTe 
layer. Furhermore, the temperature of contact between sample and graphite punch is also 
the same and equal to 𝑇𝑠. As a result, only heat conduction along the graphite punch is 
considered, and there is no heat conduction along the PbTe sample.  
Figure 6.4(b) presents the parts of the model considered in the study, which 
correspond to half of the total SPS assembly due to its horizontal symmetry across the 
center of the Ni + PbTe sample. This model includes heat radiation from the sample, 
𝑞𝑟𝑎𝑑,𝑃𝑏𝑇𝑒(𝑇𝑠) [
W
m2⁄ ], and graphite punch, 𝑞𝑟𝑎𝑑,𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒(𝑇
∗) [W m2⁄ ], as well as the heat 
conducted from the sample to the area where the thermocouple tip is located, 
𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [
W
m2⁄ ], which is at an exact distance of d = 3.2 mm. Equation 6.3 presents the 
heat balance for the considered model. Equations 6.4, 6.5, and 6.6 describe the various 
heats per unit area involve in the model. Finally, Equation 6.7 presents the developed 
equation of heat balance. 






















4 )[K4] 6.5 
𝑞𝑟𝑎𝑑,𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒(𝑇∗) [
W















 (𝑇𝑠 − 𝑇𝑇𝑐) + 𝑃𝑏𝑇𝑒 𝜎𝐵 (𝑇𝑠
4 − 𝑇∞
4 ) + 𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 𝜎𝐵 (𝑇
∗4 − 𝑇∞
4 ) 6.7 




] is the Stefan Boltzmann’s constant. The emissivity 
values for graphite, 𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 = 0.95 [167], and PbTe, 𝑃𝑏𝑇𝑒 = 0.98 [168], are 
dimensionless values of materials in order to know the amount of heat irradiating off of 
material’s surfaces. Whereas, the conductivity coefficient for HPD grade graphite 
(𝜅𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒), provided by supplier correspond to 85 W m K⁄ . 
The supplied power by surface area (𝑃 𝐴⁄ ) used for this thermal model, defines 
𝑃𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 as half the averaged value for peaks of power supplied by SPS equipment. This is 
due to the even distribution of heat supplied between the top and bottom parts of the 
assembly. The calculation of power during the 5 minutes of sintering time is divided by 
the constant area in the assembly, A, which is set to be 𝐴 = π (0.006)2 using a radius of 6 
mm or the same 12 mm diameter. These conditions in the presented model aid to 
highlight the significant difference of bonding temperatures between the current study 
and the theoretical temperature of formation for Ni3Te2 (793 K). 
The average power for sample in Figure 6.2(b), at thermocouple temperature of 
623 K, corresponds to 426.55 W, half of the average of power supplied by the SPS, as 
indicated using solid red line in Figure 6.5. This values lead to a calculated temperature of 
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reaction 𝑇𝑠 of 764 K using Equation 6.7. This calculated temperature is lower than the 
theoretical temperature of formation for Ni3Te2, though this disparity is likely to be 
caused by the small quantity of nickel telluride generated at the contact (Figure 6.2(b)).  
 
Figure 6.5. Power supplied during 5 minutes of sintering time at sintering 
temperature of 623 K. 
Nonetheless, the temperature values recorded by the thermocouple still allows to 
investigate the interphase evolution as a function of temperature and to maintain a 
constant experimental temperature during the holding process. 





   
(b) (c) (d) 
Figure 6.6. (a) SPS parameters of electric current (blue solid line), thermocouple 
temperature (black solid line), and temperature set point (black dashed line) during 
the holding time for the bonding procedure for the sample at 623 K,  20 MPa for 5 
minutes; (b), (c), and (d) are frames extracted from video of the bonding process, 
showing a red glow during spikes of supplied current. 
Figure 6.6(a) presents the measured temperature, set point temperature, and 
supplied electric current at the beginning of the SPS holding time for the sample shown in 
Figure 6.2(a) and (b). The electric current is supplied via the equipment’s PID process 
controller, using the measured temperature as the input variable to regulate the heating 
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of assembly according to the pre–defined SPS program. The solid line for the measured 
temperature in Figure 6.6(a) shows constant fluctuations of ± 20 K from the defined 
temperature set–point (dashed line), suggesting that the current PID settings struggle 
with the fast released heat at the Ni/PbTe interface, thus resulting in large oscillations of 
electrical current and temperature (both controlled by the PID). In order to better 
understand the process, the assembly has been monitored during the bonding process 
(Figure 6.6(b) to (d)). The interface of PbTe/Ni glows red at the maximum peaks of 
current, with periodic cycles of 14 seconds, indicating that during oscillations of roughly 
280 A (blue line) the interface temperature is ~ 900 K, when radiation becomes visible 
with wavelengths in the 700 nm region [169]. This suggests that the reaction shown in 
Equation 6.1 occurs during the peaks of current and that the short reaction times are not 
sufficient to generate a thick diffusion layer. Therefore, higher temperature, implying 
more current in the system via the PID controller, might be necessary to obtain a thicker 
diffusion barrier, since longer time has proven to be inefficient. Figure 6.2(c) and (d) show 
that such oscillations in the current over an extended period of time have a significant 
effect on the quality of the interface, resulting in the separation of layers. 





Figure 6.7. (a) SEM image of bonded sample generated during SPS bonding at 648 K, 
20 MPa, and 5 minutes; (b) SPS parameters of supplied electrical current, 
thermocouple temperature, and temperature set-point illustrated by the blue solid 
line, the black solid line, and the black dashed line, respectively, for the same 
conditions expressed in (a). 
Figure 6.7 shows the fabrication of interphase by increasing the bonding 
temperature, from 623 K (Figure 6.2) to 648 K, and consequently, the amplitude of 
oscillations in the electric current (Figure 6.7(b)). Figure 6.7(b) shows peaks of current 
close to 300 A, meaning that there was an increase on temperature due to more Joule 
heating than in the previous samples, these higher currents aid the Ni/PbTe reaction to 
form a thicker barrier layer without damaging the side of p-type PbTe. 




Figure 6.8. Power supplied during 5 minutes of sintering time at sintering 
temperature of 648 K. 
The sample temperature was approximated at 792.7 K through the model 
presented in Figure 6.4 and calculated using Equation 6.7 with a supplied power of 
𝑃𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 438.75 W, corresponding to half of the average power indicated in Figure 6.8. 
This temperature well matches the theoretical temperature of formation of Ni3Te2, 793 
K. The one–dimensional thermal model well represents the complex assembly in the 
current SPS process. Moreover, assumptions made in the model appear to be correct. 






Figure 6.9. (a) High magnification SEM micrograph of the sample in Figure 6.7(a) to 
observe the thickness of interphase; (b) line scan showing atomic percentages along 
AB line in (a). 
A homogeneous reaction layer is formed at the interface between Ni and p-type 
PbTe when they are bonded at 20 MPa for 5 minutes (Figure 6.9(a)). The generated 
interphase is roughly 4.5 µm thick and free of large porosity or cracks, indicating good 
cohesion between the layers. In addition, the distinct separation of the Ni electrode from 
the PbTe by the interlayer suggests the formation of an effective diffusion barrier. The 
increase on electrical current, aforementioned, and a visual analysis during the 
experimental process show that temperatures around 900 K were only generated at the 
contact and that the bulk of the PbTe was exposed to lower temperatures. This is viewed 
as an improvement of the new technique that promotes the bonding of PbTe with the 
electrode, since temperatures above 773 K have been proven to damage the quality of the 
bulk material. Figure 6.9(b) shows a line scan taken from point A to point B in Figure 
6.9(a) which confirms no diffusion of elements in Ni and PbTe and a clear chemical 
separation of the Ni/interphase/PbTe phases. Moreover, it indicates that the interphase 
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is solely composed of Ni and Te elements. The atomic percentage of Te element (roughly 
38%) is indicative of the formation of a β2 Ni3±𝑥Te2 phase [140]. 
  
(a) (b) 
Figure 6.10. (a) Seebeck coefficients and (b) electrical conductivities of p-type PbTe 
samples before (solid symbols) and after (open symbols) SPS bonding with Ni 
electrode. 
The formation of β2 phase Ni3±𝑥Te2 together with the absence of Pb at the contact 
are similar findings to those in Chapter 4. Therefore, these results obtained for p-type 
PbTe also suggest strong thermal stability of the interphase when exposed to the 
operating temperature of the multicouple, as seen in Chapter 4 section 4.4.7. 
Furthermore, transport properties of Seebeck coefficient and electrical conductivity of p-
type PbTe before and after bonding to Ni plate were measured to assess the thermal 
stability of TE material, PbTe, during the bonding procedure. Figure 6.10 (a) and (b) show 
that the electronic transport properties of samples remain roughly the same after the 
bonding process. Thus, indicating that during the joining method the performance of 
thermoelectric material is preserved. This is crucial in order to achieve maximum power 
output and efficiency in a TE multicouple. 
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Figure 6.11. (a) VI curve of bonded sample of p-type PbTe to Ni plate, showing a 
linear trend thus being an ohmic contact between the two materials and nickel 
telluride interphase. (b) Resistance measurement for stand–alone p-type PbTe 
material with an average value of 2.2 mΩ. (c) Sample’s dimensions used for 
measurement in image (b). (d) Sample’s dimensions used for measurements of VI 
curve in (a). 
The electrical resistance (R) for Ni3Te2 and interface contacts with Ni and PbTe at room 
temperature is calculated at 1.87 mΩ. In order to obtain such value it was first confirmed 
that the bond of Ni to p-type PbTe achieved an ohmic contact, as seen in Figure 6.11(a) by 
the linear trend in the VI curve. The slope of the graph is the total resistance of the sample 
being 3.24 mΩ. To obtain the wanted interphase resistance of 1.87 mΩ it must be removed 
resistances of Ni plate and PbTe bulk from the total measured sample resistance. Figure 
6.11(b) shows the measured resistance for PbTe at 2.2 mΩ. Using Equation 6.8 and sample 
dimensions in Figure 6.11(c), it is obtained the experimental value of p-type PbTe 
resistivity (𝜌0), 0.3915 mΩ cm, at room temperature. Again, using Equation 6.8 it can be 
calculated the resistance of PbTe in bonded sample, giving a resistance of 1.362 mΩ. 
Finally, subtracting the latter value and a Ni resistance of 3.2 ×  10−3 mΩ, obtained using 
Equation 6.8 from a theoretical Ni resistivity of 7.0 × 10−8 Ω m, it is obtained the 





The crystallographic structure of the interphase layer between Ni and PbTe was 
investigated using combined EDS and EBSD. The EDS results obtained from area maps 
and analysis of 20 random points within the interphase show an average chemical 
composition of: Ni (at. % 61.92 ± 0.4687), and Te (at. % 38.08 ± 0.4687), indicating a 
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chemical composition of Ni3Te2. This suggests that the interphase layer is solely 
composed of β2 phase Ni3±𝑥Te2 which nominally ranges in composition from Ni0.61Te0.39 
to Ni0.59Te0.41 [140]. The Ni3Te2 phase has been described as having a monoclinic crystal 
symmetry, with corresponding lattice parameters a = 7.54 Å, b = 3.799 Å, c = 6.089 Å, and 
β = 91.2° [151], and with having the lowest enthalpy of formation for the three possible 
β2 Ni3±𝑥Te2 phases [141], hence being the stable compound at room temperature. 
Nevertheless, it is important to note that the monoclinic structure commonly ascribed to 
Ni3Te2 in previous studies is formed from a basic tetragonal of the defective Cu2Sb–type 
[151]. Table 13 summarizes the existing β2 phases of Ni3±𝑥Te2, as well as the transition 
temperatures within the phase: from monoclinic to orthorhombic [170] to tetragonal 
[171]. The nickel telluride system shows structural transition with temperature, caused 
by the ordering of Ni atoms in the asymmetric unit cell [151], in addition to the close 
proximity of the lattice parameters of the phases. 
Table 13. β2 phase of Ni3±𝑥Te2 with the corresponding crystal symmetries, lattice 
parameters, and their transition temperatures. 
𝛃𝟐 𝐍𝐢𝟑±𝒙𝐓𝐞𝟐 Temp. Sym. Lattice parameters Ref. 
   a (Å) b (Å) c (Å) β (°)  
Ni3Te2  Monoclinic 7.5382 3.7934 6.0883 91.159 [140, 141] 
Ni2.88Te2 491 K Orthorhombic 7.5382 3.7879 6.0647 90.000 [140, 141] 
Ni2.86Te2 610 K Tetragonal 3.7820 3.7820 6.0620 90.000 [140, 151] 
 
Figure 6.12(c) and (d) show the EBSD band contrast and phase distribution maps, 
respectively. Figure 6.12(d) illustrates top layer comprising large Ni grains (shown in 
red), whereas the middle and bottom layers contain multigrain Ni3Te2 (shown in blue), 
and PbTe (shown in green) phases, respectively. The non–indexed regions, shown in 
white in Figure 6.12(d), represent voids and porosity. It is worth noting that when the 
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Ni3Te2 phase was first indexed as a monoclinic phase (Figure 6.12(a)), some grains 
presented spurious boundaries within the grain interiors with angle/axes corresponding 
to 90° [001], 180° [100], and 180° [001]. These spurious boundaries are representative of 
pseudo-symmetry issues in this phase which is caused by the misindexing of the 
monoclinic electron backscattering patterns [172]. 
The detection of pseudo-symmetry in monoclinic Ni3Te2, is beneficial in that it 
predicts the possible phase transitions as well as the existence of a virtual parent 
structure [173]. These are in agreement with the particular case of the nickel telluride 
system, where the aforementioned ordering of Ni cations within the lattice gives rise to a 
structural relationship between high temperature tetragonal and room temperature 
monoclinic nickel telluride. A closer look on this issue is presented in Chapter 5, where 
the monoclinic crystal structure is substituted by the virtual parent crystal structure with 
tetragonal crystal symmetry. Thus, the monoclinic crystal structure of space group 
number 11 can be adequately described as a virtual tetragonal phase, space group 
number 129 (shown in Figure 6.12(b)). 
Figure 6.12(d) shows the phase distribution map when Ni3Te2 is indexed as a 
virtual tetragonal crystal structure (space group number, 129) with the interphase layer 
presenting no pseudo-symmetry whatsoever. It is to note that twins represented in red 
appear in the interphase and have angle/axis corresponding to 82.5° [110] relationship 
with the parent matrix. 










Figure 6.12. (a) Crystallographic structure for monoclinic Ni3Te2 (b) Tetragonal 
crystal structure assigned as the virtual parent of structure (a) obtained via PSEUDO 
program in order to detect and remove pseudo-symmetry. (c) EBSD band contrast 
map, (d) EBSD phase distribution map with grain boundaries and twins using virtual 
tetragonal structure of (b). 
6.5. Conclusions 
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The successful bonding of bulk p-type single-phase PbTe and Ni plate was achieved 
using a modified assembly method on a common type of SPS apparatus. Eliminating the 
graphite die during sintering forced the supplied electrical current to pass through the 
interface of the solids. This permitted a thermal model, where the total supplied power 
by SPS is given to the Ni + PbTe sample and not distributed amid sample and graphite die. 
Consequently, allowing the calculation of real temperatures during bonding with the 
current assembly, matching theoretical Ni3Te2 temperature of formation of 793 K. The 
formation of a continuous and defect free interphase layer was obtained as thin as 4.5 µm 
when compared to then roughly 27 µm using powder PbTe together with a graphite die. 
This improvement is achieved due to consistent surface roughness of mating surfaces, 
obtained by mechanical polishing of bulk materials compared to powder sample. The 
interphase layer is composed of solely monoclinic β2 phase Ni3±𝑥Te2. The observed 
pseudosymmetry at some grains during EBSD analysis suggested the existence of a virtual 
parent crystal with tetragonal symmetry, similar to the high temperature tetragonal 
Ni2.86Te2. This derived virtual tetragonal, with space group number 129, shows higher 
indexation during EBSD, allowing for the study of the correct orientation of boundaries in 
the interphase layer. 
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7. Rapid fabrication of diffusion barrier 
between metal electrode and thermoelectric 
material using current–controlled SPS 
technique 
7.1. Preface 
The decrease on interphase thickness, from 27 µm to 4.5 µm, after modification of 
the bonding assembly in SPS, was indicative that the bulk sintering approach was 
significantly better for a smaller contribution of interphase resistance on the TE 
multicouple. Moreover, the observation of smaller electrical currents from powder PbTe 
bonding to bulk propelled the research in this chapter. Here, I have switched from control 
of the sintering temperature to a process of electrical current control in the SPS. This 
change on the process-controlled variable decreased the bonding time to a fraction of 
previous chapters. In addition, the oscillations in current and voltage, seen in Chapter 6, 
have been removed, thus their negative influence on the mechanical properties of TE 
material.  
7.2. Introduction 
Conventional joining techniques such as soldering is still used in low temperature 
applications in order to connect the conducting electrode to the thermoelectric material 
[174]. Due to the strong reactions and diffusion of elements at the contact at high 
operating temperatures, however, new bonding methods need to be adopted to meet 
critical contact requirements, see section 2.5.2. Powder consolidating equipment such as 
hot press (HP), and SPS have been used to form reliable contacts.  
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Nickel electrode has been bonded directly to PbTe and formed a diffusion barrier 
layer composed of β2 Ni3±𝑥Te2 phase, using the commonly practiced temperature-
controlled SPS method [1], research detailed in Chapter 4 where a “one-step” method 
simultaneously sintered the PbTe powder and generated a thick 27 µm interlayer at the 
contact with the Ni electrode. This layer solely consists of Ni3Te2, which proved to 
effectively withstand a high temperature aging process. In order to achieve low contact 
resistance and therefore improve the total performance of the TE multicouple [163], I 
then joined Ni to PbTe via a bulk solid–state reaction that resulted in approximately 4.5 
µm interlayer of Ni3Te2 [2], explained in detail in Chapter 6. Observations of large 
oscillations in the current and voltage, however, appeared to show a negative effect on 
the final product, generating cracks and porosity in the thermoelectric material.  
In the current study, it is presented a new diffusion bonding approach, where the 
applied electrical current is controlled during SPS, instead of the commonly practiced 
temperature–controlled method. This new approach eliminates oscillations in the current 
during the process of joining the TE material to the metal electrode and greatly reduces 
the required sintering time for the fabrication of the sample. This aids the quality of TE 
material through a reduction in cracking and porosity due to the short exposure to Joule 
heating. Moreover, the successful formation of an effective thin diffusion barrier 
approximately 3 µm in thickness that is composed solely of Ni3Te2 is anticipated to 
minimise the contribution of electrical contact resistance to the total efficiency of the TE 
multicouple. 
7.3. Experimental details 
The process for joining polycrystalline samples of PbTe0.9988I0.0012 disks to Ni plate 
was conducted via bonding of solid pieces under uniaxial pressures of 10, 20, and 30 MPa 
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in vacuum with different holding times. The used assembly in SPS is represented in Figure 
3.8, which entails the elimination of the graphite die, hence forcing the electrical current 
to pass through the PbTe and Ni workpieces, and the contact area between them. 
The current study involves direct control of the electrical current by bypassing the 
original PID controller in SPS for temperature–controlled processes and using instead 
non-pulsed DC current of 250 A for the bonding. It is worth noting that the equipment’s 
PID controller has a theoretical 6% error at the low currents used in the present study, 
since this specific equipment is designed to apply currents as high as 4000 A. 
7.4. Results and discussion 
This chapter introduces rapid bonding of PbTe and Ni plate using a current–
controlled SPS technique. This method resembles welding and, in particular, resistance 
spot welding (RSW) [175], resulting in the generation of molten material between the 
faying surfaces of the Ni and PbTe. The aim of this study was to utilise the commonly 
mentioned weld nugget of RSW as the means to form a diffusion barrier layer at the 
Ni/PbTe interface for use in TE multicouple. In order to generate such layer, the 
experimental welding parameters, including the electrical current, electrode force, and 
weld time must be optimized. These parameters are cardinal variables, for both RSW and 
current–controlled SPS, in order to attain desirable bonding conditions. Nevertheless, 
other factors such as the electrode material and its geometry also affect the final welding 
product in RSW processes, whereas in the current–controlled SPS joining process, these 
elements remain constant. The electrode contact area is fixed to an area of 12 mm in 
diameter and the choice of material is graphite, which has lower electrical conductivity 
compared to the materials used for RSW, such as copper [176].  
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The formation of an optimal interphase, during a similar procedure to RSW, 
requires an understanding of its primary variables: electrical current, weld time, and 
electrode force. The welding current is a critical variable for joining methods and often 
determines the quality of cross–section and formation of the nugget [177]. A very low 
current is unable to produce sufficient heat at the contact between the surfaces, while a 
very high current results in extensive expulsion of molten material and consequently 
increases the porosity if the boiling point of the material is reached.  
Usually in RSW, the initial welding parameters are determined based on welders’ 
experience or empirical tables [178], with the variables subsequently tuned according to 
the quality of the generated nugget, as determined from cross–sections of workpieces. 
There are no parameters available in the literature, however, for welding of Ni to PbTe. 
Therefore, I have adopted as initial parameters the optimized variables from Chapter 4, 
and Chapter 6 where temperature–controlled SPS was used. 
The required electrical current value in RSW procedures is often optimised by 
gradual increases in value until the initial generated melt spatters between the 
workpieces. An electrical current of approximately 280 A pulsed DC was found to form an 
interlayer of roughly 4.5 µm in thickness in the research detailed in Chapter 6, Figure 
6.7(b) Comparatively, an electrical current of 250 A was obtained as the optimum value 
in this bonding likely due to the use of direct current instead of pulsed DC. Lower electrical 
current is advantageous in this particular case, since less Joule heating will be generated 
on the PbTe side, which is beneficial to its TE properties [146]. 
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Figure 7.1. (a) Energy supplied by SPS during welding time at pressures of 10, 20, 
and 30 MPa. (b) Power supplied at same pressures as (a) during time of the welding.  
Figure 7.1(a) shows the supplied SPS energy during 10 seconds of bonding at 
pressures of 10, 20, and 30 MPa. The supplied energy, E (kJ) increases linearly with time 
in accordance with E = P × t, where P is the instant power (kW), and t the welding time in 
seconds. The slope values of the lines in Figure 7.1(a) determine the instant power 
supplied by the SPS equipment. Figure 7.1 (b) presents the variation in the supplied 
power as a function of welding time, at 10, 20, and 30 MPa. The observed differences in 
power at t = 0 are representative of the variation in the effect of the applied force on the 
contact resistance between the Ni and PbTe. It is clear that, at a given electrical current, 
increasing the pressure and consequently the force requires less supplied electrical 
power. This is due to the direct relationship between the force and the area of contact, 
which consequently decreases the initial contact resistance [176]. The force applied on 
the workpieces by the electrodes must assure sufficient contact during the entire bonding 
process. A very high force reduces contact resistance, thus decreasing the generated heat, 
whereas a very low force can cause geometrical instability and expulsion of liquid phase 
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due to disproportionate amounts of heat [179, 180]. The requirements for applied forces 
vary according to the mechanical properties of materials and the quality of the contact 
area [175]. At higher pressures, higher currents are needed to generate the minimum heat 
for the PbTe/Ni reaction to occur at the interface, which could potentially damage the 
PbTe [146].  
  
(a) (b) 
Figure 7.2. (a) SEM micrograph of cross–section made at 10 MPa. (b) SEM 
micrograph of cross–section made at 20 MPa. Sample using 30 MPa of pressure 
showed no sign of interlayer at the contact area. This was likely caused by the lower 
contact resistance induced by the increased pressure. 
No reaction was observed at 30 MPa, whereas Figure 7.2(a), and (b) illustrate the 
interphase obtained at 10 and 20 MPa, respectively, using 250 A and 10 seconds of 
welding time. Pressures as high as 30 MPa substantially decrease the contact resistance, 
indicating that electrical currents higher than 250 A would be required to initiate the 
PbTe/Ni reaction. On the other hand, the contact area between Ni and PbTe at pressures 
as low as 10 MPa are shown to be insufficient to generate a continuous diffusion barrier 
layer (Figure 7.2(a)), and geometrical instability has caused cracks between the layers. 
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The intermediate pressure of 20 MPa was found to be the optimum value (Figure 7.2(b)) 
to join Ni and PbTe without defects. Nonetheless, further optimization of the bonding time 
is needed to generate a smooth diffusion barrier at the contact.  
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(b) (c) (d) 
Figure 7.3. (a) Temperature over time for increasing welding times of 5, 10, 15, 20, 
and 30 seconds. Vertical dashed lines indicate the welding time for each process. It 
is observed that there is a delay in the maximum peak of the temperature reading by 
the thermocouple compared to their respective welding times.  (b) Image of sample 
after welding conditions and 30 seconds. (c) Image of sample after welding 
conditions and 20 seconds. (c) Image of sample after welding conditions and 15 
seconds. 
The welding time needs to be sufficient to generate enough heat for the reaction, 
but excess time leads to over-heating and expulsion of material. In order to investigate 
the heat supplied by SPS, or equally the Joule heating released by the assembly, 
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temperatures were recorded during each of the bonding processes. The thermocouple 
used for temperature data collection is situated inside the graphite punch and roughly 3 
mm below the Ni/PbTe contact area. The difficulties associated with accurate reading of 
the reaction temperature are due to radiation losses from the sample and the quick 
release of heat at the Ni/PbTe contact area, which makes the temperature to oscillate as 
observed in Chapter 6. These oscillations are caused by the difficult coupling of PID 
controller in SPS and the intermittent release of heat from the Ni/PbTe contact area. 
Similarly, the current method entails shorter bonding times, thus indicating lower 
temperatures than with the previous temperature-controlled SPS bonding method where 
the SPS thermocouple temperature was optimized at 648 K, Figure 6.7, for an effective 
formation of diffusion barrier.  
Figure 7.3(a) shows the measured temperatures during and after bonding as a 
function of time for different bonding times. Figure 7.3(b), (c), and (d) present images of 
as–bonded pellets for welding times of 30, 20, and 15 seconds, respectively. It can clearly 
be seen how longer times than 15 seconds produces excess spatter from the contact, thus 
inducing geometrical instabilities. The measured thermocouple temperature (solid lines) 
increases with welding time, with its maximum peak recorded by the thermocouple a few 
seconds after the respective bonding time was completed (with dashed lines indicating 
the bonding time). This delay occurred due to heat conduction through the sample and 
punch before reaching the tip of the thermocouple. This issue has been studied in Chapter 
6, where a one-dimensional thermal model was described to investigate the different 
temperature, see Figure 6.4 and corresponding explanation. Samples bonded for 5 and 10 
seconds presented no reaction, so that quick separation of layers occurred after removing 
the assembly from the SPS. This might be associated with insufficient Joule heating to 
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induce reaction at the contact. Figure 7.2(b), however, shows that 10 seconds of bonding 
time were sufficient in that case for a partial reaction along the contact. This discrepancy 
in the bonding results after 10 seconds of welding time, with the interphase formed 
shown in Figure 7.2(c), is likely to be caused by either slight differences in surface 
qualities between the samples or the sensitivity of the SPS electronic functions. The 
employed SPS 10–4 apparatus is intended to supply high values of amperage with a 
maximum at 4000 A, and operating at 6% (250 A) of total power is not recommended due 
to non–linear output from the transformers and rectifiers in the equipment’s electronics. 
It is worth noting that slightly rougher contact surfaces, as on the sample shown in Figure 
7.2(a) can affect the bonding by providing extra contact resistance, so more Joule heating 
is provided for the reaction. The thickness and surface quality of workpieces determine 
the reproducibility of results. In this study, the initial thicknesses of the Ni plate and bulk 
PbTe were carefully obtained at 0.27 and 1.5 mm, respectively, with both surfaces 
mechanically polished down to 1 µm and ultrasonically cleaned to remove possible oxide 
residue. Nevertheless, it is a common practise in welding processes to tune the initial 
welding conditions to deal with small variations in the surface quality or oxidation of 
layers.  
Successful bonding was achieved after the remarkable welding time of 15 seconds, 
compared to 5 minutes for bonded sample in Chapter 6 or an hour [1] in sample of Chapter 
4.  
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Figure 7.4. (a) SEM micrograph showing interphase formed after 15 seconds of 
welding time and corresponding to Figure 7.3 (d). (b) SEM micrograph showing 
interphase formed after 20 seconds of welding time and corresponding to Figure 
7.3(c). 
Figure 7.3(d) shows that 15 seconds of welding time are necessary to observe 
molten material spatter from the Ni/PbTe contact, which is indicative of optimal 
conditions. In addition, Figure 7.4(a) presents SEM micrograph of the sample’s cross 
section in Figure 7.3(d), where a smooth and continuous interlayer has been formed. This 
interphase is roughly 3.2 µm thick, so that it can efficiently act as a diffusion barrier 
separating Ni from PbTe. Figure 7.3(d), and (d) present samples obtained at 20, and 30 
seconds. These holding times resulted in extensive expulsion of molten material from the 
interface, as indicated by the solidified bubbles on the samples’ periphery, affecting their 
total geometries (separation of layers at 30 seconds) and reduced interlayer thickness (20 
seconds welding time). This is in agreement with the RSW process, where melt expulsion 
of the weld nugget can result in porosity and even separation of bonded metal sheets 
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during solidification [181]. Similarly, it is also due to melt expulsion that a decrease in the 
interphase thickness is observed from 3 µm in Figure 7.4(a) for 15 seconds to 1 µm in 
Figure 7.4(b) for 20 seconds. Nevertheless, this bonding procedure requires that Pb, a by-
product of the reaction, is expelled so to form a continuous and flawless diffusion barrier 
[1] as discussed in Chapter 4. Simultaneously, the holding time must be short enough to 
avoid melting of the bulk PbTe. 
  
(a) (b) 
Figure 7.5. (a) Backscattered micrograph of samples welded at 250 A, 20 MPa, and 
15 seconds. (b) Magnification of the interphase in (a) showing smooth generation of 
a diffusion barrier layer across the sample with the interfacial composition of β2 
Ni3Te2. 
Figure 7.5 presents the homogenous interphase generated at the interface of 
Ni/PbTe cross–sections, which were successfully bonded using the parameters 250 A, 20 
MPa, and 15 seconds. Table 14 shows the chemical compositions of areas designated in 
Figure 7.5 as Ni, β2 Ni3±𝑥Te2, and PbTe, respectively, from top to bottom. The interphase 
layer is identified as monoclinic Ni3Te2 which has crystallographic equivalence to the 
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higher tetragonal crystal symmetry, studied in extensive detail in Chapter 5. In this 
particular bonding procedure, based on the control of the electrical current, I was capable 
to form an extremely thin and effective diffusion barrier, which adds a small contribution 
to the total electrical contact resistance of the TE multicouple, thus improving the total 
performance. This reduction in average thickness of the interlayer to 3.3 µm while 
maintaining effective separation of layers is a significant improvement from results obtain 
in Chapter 4, and Chapter 6. Furthermore, the current SPS method performs exceptionally 
well in terms of the formation of a fine and effective interphase when compared to similar 
Ni/PbTe joins made via HP [86], where a non-continuous diffusion barrier layer is formed, 
limiting the multicouple operating temperature due to the ongoing reaction between the 
layers. 
Table 14. Compositions in atomic percentages of the areas presented in Figure 7.5. 
Areas Ni (at. %) Te (at. %) Pb (at. %) 
Ni 100.0 0.0 0.0 
𝐍𝐢𝟑𝐓𝐞𝟐 61.6 37.5 0.9 
PbTe 0.0 49.5 50.5 
 
Figure 7.6 shows the linear trend in the measured VI curve of bonded Ni to n-type 
PbTe. Thus, it can be confirmed that the contact of materials is ohmic. The total resistance 
of sample is obtained through the slope of the line in Figure 7.6, this being 0.8 mΩ. The 
resistance for PbTe bulk corresponds to 0.53 mΩ, and that of Ni plate is 3.2 x 10-3 mΩ. 
Therefore, the resistance of interphase, Ni3Te2, and its contact with Ni and PbTe is 
calculated through the subtraction of PbTe and Ni resistances to the total of Ni + PbTe 
sample. The final value calculated at 273 µΩ. 
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Figure 7.6. Voltage values (solid circles) vs applied electrical current obtained using 
Quantum Design PPMS, and linear fit (solid red line) for experimental data.  
7.5. Conclusions 
The introduced current–controlled spark plasma sintering method successfully 
joins Ni to PbTe in a few seconds, forming a thin 3 µm diffusion barrier layer. The 
substantial reduction in bonding time achieved by this new approach has improved the 
quality of the joined counterparts, with no cracks or porosity observed on the PbTe 
material. This current-controlled SPS technique, which resembles common resistance 
spot welding, utilises Joule heating at the contact area of the workpieces to effectively 
generate the required interphase for high temperature TE multicouples. The obtained 
thin interphase is solely composed of β2 Ni3Te2 phase. 
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8. Fabrication of prototype for PbTe 
thermoelectric multicouple 
8.1. Preface 
After the improvement in bonding results reported in Chapter 7, this chapter 
discusses the fabrication of a TE multicouple prototype using thermoelements consisting 
of n- and p-type PbTe joined to Ni electrode via the procedure described in previous 
chapter. The equipment used for the high temperature measurements of the TE 
multicouple was a home-built device with particular limitations on the calculation of heat 
flow, the consequent efficiency of the prototype, and the hot side temperature control. 
Nonetheless, the usual data on power output and stability of results through thermal 
cycling were obtained. 
8.2. Introduction 
The manufacturing of a thermoelectric multicouple for terrestrial applications in 
the temperature range of 500 – 900 K entails engineering challenges. These are often 
caused by the effect of temperature on the hot side joints of the multicouple. Because of 
the electrical nature of Π-type thermoelectric multicouples, where electrical current flows 
via a p- and n-type blocks connected in series, the joints exposed to high temperatures 
need to be reliable in order to maintain low electrical resistance while remaining 
mechanically stable. The rupture or malfunction of a single block would disrupt the 
functioning of the whole multicouple by impeding the flow of electrical current. 
The work discussed in previous chapters of this thesis focused on the achievement 
of robust, reliable high temperature interphase layer (joints) between p- and n-type PbTe 
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and metallic nickel electrode. Various techniques lead to reliable joints for both p- and n- 
type PbTe thermoelectric materials, allowing their potential use in the 500 – 900 K 
temperature range. 
This chapter reports on the performance of a 4-couple PbTe prototype TE 
multicouple. The p- and n-type PbTe were doped using 1.5 % Na and 0.12 % PbI2, 
respectively. Ni electrode was joined to both PbTe materials using a fast welding 
technique [3]. The resultant thermoelements were connected to Ni interconnector strips. 
The efficiency tests were conducted at a maximum hot side temperature of 813 K, while 
the constant cold side temperature of 313 K was controlled by an external chiller. The 
obtained maximum power output was roughly 300 mW at a ΔT of 500 K.   
8.3. Experimental details 
8.3.1. Fabrication process for the thermoelectric multicouple 
The n- and p-type thermoelectric blocks (Figure 8.1(a)) were fabricated using 
nickel electrode and forming a thin diffusion barrier of nickel telluride with the Ni 
electrode, as described in Chapter 7. The n- and p-type pellets obtained from the bonding 
process only contain Ni electrode and the generated barrier layer on the hot side of the 
TEG. The cold side is left without a diffusion barrier due to the expected lack of diffusion 
of the material at the low temperatures to which it was exposed, of around 313 K. The 
bonded pellets were simultaneously polished so to match the length of each of the 
multicouple’s legs at 2 mm. Afterwards, each pellet was hot mounted in Struers Polyfast 
conductive resin (comprising a mixture of bakelite and graphite), so blocks 2.5 × 2.5 mm2 
in size could be cut on a Struers Accutom-10 operating at 0.015 mm/s feed rate with a 
water-based lubricant for n-type PbTe and alcohol-based lubricant for p-type PbTe, due 
to the water sensitivity of Na doped material. 
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Nickel interconnector strips, Figure 8.1(b), are used to electrically connect in series 
p- and n-type legs. The dimensions of each interconnector are 6.5 × 3 mm2 with a 
thickness of 0.5 mm. The Ni interconnectors used for the attachment of Cu leads were 
made longer, however, to avoid melting of solder paste due to the heat radiating from the 
heater in the testing equipment. Alumina substrates were chosen as electrical insulators 
for the TE multicouple structure due to the great heat conductivity of this material. Figure 
8.1(c) shows thermoelements soldered to Ni strips on the cold side of the generator, 
whereas on the hot side, the thermoelectric legs are put in contact with the Ni 
interconnectors by physical pressure. 








Figure 8.1. (a) p- and n-type PbTe blocks already bonded to Ni electrode with the 
formation of a thin nickel telluride diffusion barrier. (b) Parts involved in the 
fabrication of the prototype with Ni interconnector strips already placed directly via 
thermal paste onto alumina plates. (c) Assembled generator with Cu leads soldered 
to long Ni strips. 
8.4. Results and discussion 
Diffraction patterns of n-type PbTe and p-type PbTe show a perfect match with the 
face-centred cubic (FCC) PbTe structure (vertical green lines) with space group Fm3m in 
Figure 8.2. X-ray diffraction patterns suggest that no secondary phases exist within the 
measured range of 2θ. 




Figure 8.2. XRD patterns for n- and p- type PbTe with theoretical 2θ angle positions 
depicted using green lines. 
Figure 8.3(a), (b), (c) show the measured thermoelectric transport properties for 
n- and p-type PbTe and their dependence on temperature. The absolute values of the 
Seebeck coefficient (Figure 8.3(a)) at room temperature (RT) begin at 71.1 µV/K and 82.3 
µV/K for p-PbTe and n-PbTe, respectively, and reach their maximum values of 352.6 µV/K 
and 226.5 µV/K at 850 K. The total electrical resistivity in Figure 8.3(b) presents similar 
values at RT of roughly 0.5 mΩ cm for both materials, although there is divergence at high 
temperature with n-type PbTe at 3.77 mΩcm, and 6.42 mΩcm for p-type PbTe. The total 
thermal conductivity for both materials is very similar, starting at RT at around 3.5 W/mK 
and at 850 K at 1.1 W/mK. The calculated power factor, which accounts for the maximum 
amount of energy that can be extracted from the material at a certain temperature, is 
shown in Figure 8.3(d). This parameter indicates a maximum value below 2500 
μWm−1K−1 at temperatures around 600 K. The power factor of p-type PbTe remains 
roughly at 2000 μWm−1K−1 at the maximum temperature of 850 K, whereas for n-type, it 
decreases to below 1500 μWm−1K−1 at the maximum calculated temperature of 850 K. 




















Figure 8.3. Thermoelectric transport properties of p- and n-type PbTe used in 
fabrication of the generator prototype: (a) Seebeck coefficient, (b) electrical 
resistivity, (c) total thermal conductivity, (d) calculated power factor. 
Figure 8.4 presents the calculated zT values for doped n- and p-type PbTe materials 
used in the fabrication of the prototype. The values for p-type show a maximum value of 
roughly 1.3 at the temperature of 750 K, with a rapid decrease to 0.9 at the temperature 
of 850 K. The zT value for n-PbTe shows a linear increase with temperature throughout 
the temperature range of 300 to 850 K. The maximum value at 850 K is around 1.4.  













































































Figure 8.4. zT values of n- and p-type PbTe used for the fabrication of the generator 
prototype. 
Figure 8.6(a) to (f) presents the performance of the 4-couple TEG prototype. The 
force applied to the generator for the measurements is kept around 50 kg, as shown in 
Figure 8.6(c). This value is set to achieve good electrical and thermal contact between the 
thermoelements and the Ni interconnectors and between the pieces along the testing 
device column. Then, the electrical testing was conducted up to a high temperature of 813 
K while keeping the cold side temperature at 313 K. The home-built high-temperature 
testing device measures the electrical variables of open circuit voltage and short circuit 
current during heating and cooling, respectively. The data from the device is collected 
every second using a specially designed Labview program. This program collects values 
of open circuit voltage (𝑉oc), as seen in Figure 8.6(a), and short circuit current (𝐼s), as seen 
in Figure 8.6(b). The results for the internal resistance of the generator are calculated 
through Ohm’s law using values of 𝑉oc and 𝐼sc which match in the temperature gradient 
acquisition. Therefore, the values of internal resistance presented in Figure 8.6(d) 
correspond to those for maximum power output. Consequently, the values at maximum 
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power output are calculated using the open circuit voltage and the internal resistance via 
Equation 2.21. 
The power output performance of the prototype is presented in Figure 8.6(d) with 
a highest value of roughly 300 mW. The internal resistance of the TE multicouple, as 
shown in Figure 8.6(d), remains quite constant within the range of 0.22 to 0.24 Ω. This 
value of total internal resistance is the sum of a series of resistances (shown in Figure 8.5), 
those from the p- and n-type thermoelements, the contacts with the Ni interconnector 
strips (𝑅a and 𝑅e), the interfacial resistance of the solder paste (𝑅d), and the contacts with 
the Cu leads (𝑅𝑓). From Chapter 6 and Chapter 7, I know that ohmic contacts are achieved 
in the n- and p-type thermoelements. Moreover, the calculated contact resistance (sum of 
Ni3Te2 resistance and interfacial resistances: 𝑅𝑏 and 𝑅𝑐) on the hot side for p-type legs 
with the same dimensions as used in the prototype is expected to be 3.24 mΩ, whereas 
from the measurements obtained in Chapter 7, the same resistance for the n-type legs is 
0.8 mΩ. Therefore, the total contribution to the total internal resistance of the TE 
multicouple prototype coming from the thermoelectric legs and the bonds to Ni 
electrodes is equal to 16.16 mΩ, which is approximately 7% of the total measured TE 
multicouple resistance. This indicates poor bonding between the thermoelements and the 
Ni interconnectors. Therefore, it can be pointed out that 93% of the internal resistance is 
caused by the interfacial resistances: 𝑅a, 𝑅d, 𝑅e, and 𝑅f illustrated in Figure 8.5. 
Additionally, compared to the theoretical power output given by the thermoelectric 
properties in Figure 8.3, which is roughly 1.1 W, the experimental data shows power 
output slightly above 0.32 W. This is roughly 30% of the theoretical power output. 




Figure 8.5. Schematic illustration of fabricated p- and n-type thermoelements with 
fabricated Ni3Te2 interphase on the hot side and solder paste on the cold side. The 
various interfacial resistances between the elements are illustrated in red.  
The measured TE efficiency was calculated via Equation 2.11. The obtained power 
output is divided by the total amount of heat flow supplied to the top of the TE 
multicouple. The heat supplied to the multicouple is calculated using the temperature 
gradient along the Cu block, measured by two thermocouples (∆𝑇TC) separated by 50 mm, 
and the thermal conductivity of Cu (𝜅Cu = 385 W m







 ∆𝑇TC[K], where A is the cross-sectional area of the copper block (50 × 
50 mm2), the supplied heat values were calculated and are presented in Figure 8.6(e). 
The supplied heat flow is roughly 130 W at ΔT of 500 K. This value is surprisingly higher 
than in previous reports [112], where only 40 W was obtained at the maximum 
temperature of 873 K for an 8-couple PbTe multicouple. In the current study, the amount 
of heat should be even lower due to the fewer PbTe couples in the generator. It is the 
difference in the designs of the two types of testing apparatus that caused this significant 
difference. The X. Hu et al. [112] testing equipment is equipped with Cu blocks, top and 
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bottom, with the same cross-sectional dimensions as the tested TEG. Comparatively, the 
testing device in this study presents Cu blocks with a larger cross-section than the PbTe 
prototype. The dimensions of prototype are 20 × 15 mm2 with blocks being 50 × 50 mm2. 
The difference means that more heat is needed to reach the maximum temperature on the 
top of the generator due to the larger mass of Cu. Moreover, losses by radiation become 
more relevant on the heating block than on the cooling bottom Cu block. These issues with 
the design of the testing device were not easily approached in this case, but the results 
clearly show that it has an impact on the measurements of the fabricated prototype’s 
performance. Hence, the maximum thermoelectric efficiency in Figure 8.6(f) shows 
values as low as 0.25%, which is obviously an underestimation of the real thermoelectric 
efficiency of the TEG prototype. 
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Figure 8.6. Performance data obtained for the 4-couple thermoelectric generator 
prototype. (a) Open circuit voltage (V). (b) Short circuit current (A). (c) Clamping 
force (kg) applied on the prototype. (d) Internal electrical resistance (Ω) of the TEG 
(left) and calculated power output (mW) (right). (e) Heat flow (W) through the top 
Cu block of the testing device. (f) Calculated thermoelectric efficiency (%) of the TE 
multicouple, the ratio between the power output and the heat flow. 
Figure 8.7 presents three consecutive tests of the prototype under maximum 
clamping force of 50 kg and thermal cycling to the high temperature of 813 K. This 
experiment is designed to test the reliability of the bonding between the PbTe and the Ni 
electrode while it undergoes fast thermal cycling. The output results indicate no change 
in performance from the first to the last test. This demonstrates the good reliability of Ni 
PbTe contacts. However, a better assessment of the quality of contacts will possibly 
require a larger number of cycles. Then, conclusions on long term functionality could be 
drawn for future thermoelectric applications.   
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Figure 8.7. Performance data from 3 consecutive tests at the maximum temperature 
of 813 K and clamping force of 50 kg for the 4-couple TEG prototype. (a) Open 
circuit voltage (V). (b) Short circuit current (A). (c) Internal electrical resistance (Ω). 
(d) Power output (mW). (e) Heat flow (W) through the top Cu block of the testing 
device. (f) Calculated thermoelectric efficiency (%) of the TE multicouple, the ratio 
between power output and heat flow. 
Figure 8.8 shows the influence of the clamping force on the performance of the 
prototype TE multicouple. Measurements were performed at three initial clamping forces 
of 20, 40, and 60 kg. The electrical measurement results showed that the open circuit 
voltage and short circuit current increase with applied pressure. This is due to better 
contact between the parts of the generator: the thermoelements to the Ni interconnectors, 
and the latter to the alumina plates and these to the Cu blocks (acting as heater and heat 
sink). In terms of electrical resistance, however, no change is observed for measurements 
above 40 kg of force. This indicates that the optimum force for a good contact between 
the TEG parts is 40 kg, which is equal to a clamping pressure of 13.3 kg cm2⁄ . This is close 
to the standard clamping force of 15 kg cm2⁄  [182] recommended by thermoelectric 
generator suppliers. The clamping pressure of 15 kg cm2⁄  was used in the initial testing 
presented in Figure 8.6, although it seems that a smaller force would have been sufficient. 
This could avoid high stress on the joints, and the formation of voids or cracks due to 
excess compression forces. The supplied heat does not appear to change with pressure, 
however, which could also be due to the aforementioned difference in size between the 
cross-sections for the top Cu block and the TE multicouple. The large mass of the top Cu 
block seems to dominate the amount of heat required by the tested TEG. 
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Figure 8.8. Performance of the 4-couple TEG prototype at the maximum temperature 
of 813 K for different clamping forces: (a) Open circuit voltage (V). (b) Short circuit 
current (A). (c) Clamping force (kg) applied on the prototype. (d) Internal electrical 
resistance (Ω) of the thermoelectric generator (left) and calculated power output 
(mW) (right). (e) Heat flow (W) through the top Cu block of the testing device. (f) 
Calculated thermoelectric efficiency (%) of the TE multicouple, the ratio between 
power output and heat flow. 
8.5. Conclusions 
A prototype TE multicouple was fabricated and its performance was measured by 
a home-built device. A maximum power of 320 mW was obtained with 4 couples of single 
phase PbTe bonded to Ni electrode. It was found that the materials’ resistance for  p- and 
n-type thermoelectric legs contributed 7% to the total measured internal resistance of TE 
multicouple, showing that the remainder of multicouple resistance (93%) is caused by the 
contact resistance between thermoelectric legs and Ni interconnectors. The required 
clamping force was found to be 40 kg, 13.3 kg cm2⁄ . The measured TE efficiency was 
clearly underestimated due to the large mismatch between the size of the Cu block cross-
section and the TE multicouple dimensions. In order to obtain a more realistic value of 
efficiency the Cu blocks must match the dimensions of the tested multicouple, so that all 
the supplied heat passes through to the top of TE material.  
The thermal stability of the prototype TE multicouple was tested by four thermal 
cycles up to the high temperature of 813 K, and the performance of the TEG remained the 
same, indicating that the fabricated TE multicouple and contacts are reliable for 
thermoelectric application up to around 800 K. 
 




9. Conclusions and Future Prospects 
9.1. Concluding summary 
In summary, the work presented in this doctoral thesis demonstrates the feasibility 
of fabrication of a prototype TEG using p- and n-type PbTe TE material with direct bonding 
to Ni electrode. The bonding process between the TE material and the electrode generates 
an effective diffusion barrier layer composed of the intermetallic compound Ni3Te2. 
The contacts between p- and n-type PbTe thermoelements and Ni were achieved 
using spark plasma sintering (SPS) apparatus. Three different approaches to this specific 
bonding of materials showed the desired trend of decreasing thickness of the diffusion 
barrier layer while the mechanical properties of the TE material remained intact. 
The use of powder PbTe for joining to Ni plate appeared to work well in n-type 
PbTe, which is well known for its better mechanical properties compared to p-PbTe. The 
successful formation of a 27 µm Ni3Te2 diffusion barrier layer after a one-step sintering 
process for an hour of bonding time confirmed the SPS method as a suitable joining 
technique for the fabrication of the required interphase layer. This type of bond was 
previously attempted using hot press equipment, but it failed to form a homogenous 
diffusion barrier, and only a low quality bond was obtained due to cracks along the Ni 
grains [86]. Alternatively, the direct bonding of n-PbTe to Ni using SPS was once studied 
and demonstrated good contact resistance between them but without a thorough study 
on the microstructure of the diffusion barrier [108], as in the case of the current work in 
this thesis. 
The crucial changes in sample assembly in the SPS have been: (i) changing from 
PbTe powder to PbTe bulk and (ii) removing the graphite die for joining p-type PbTe to 
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Ni electrode have proved to be a promising approach to achieve a high quality efficient 
diffusion barrier layer. Bonding p-type PbTe to Ni electrode using a solid-state reaction in 
SPS was successful and shortened the bonding time, reducing the process from an hour to 
5 minutes. This still permitted the formation of a thin but homogeneous diffusion barrier 
4.5 µm in thickness, while the TE transport properties of TE material were not diminished.  
The ohmic behaviour of the bonded sample was perceived as an accomplishment, 
because other p-type PbTe samples, alloyed with Sn, showed the formation of a Schottky 
barrier. Nonetheless, the 1.87 mΩ resistance of the generated Ni3Te2 interphase and its 
contacts with Ni and PbTe need to be improved. Moreover, the SPS bonding process 
showed oscillations with the supplied SPS current and voltage. These were deemed 
problematic, since the large oscillations in electric current meant severe spontaneous 
dissipation of heat via Joule heating, which could damage the mechanical integrity of the 
sample. Therefore, a new approach to SPS bonding was designed to avoid oscillations in 
current and voltage. This new method is presented as resistance spot welding in SPS, 
which takes the supplied electrical current as the control variable instead of the more 
common temperature control of the procedure. This improved the bonding process via an 
extreme reduction in the time of bonding, from 5 minutes to just 5 to 15 seconds. 
Additionally, there was visual observation of higher temperatures only at the area of 
contact instead of the whole sample, which is beneficial to the TE properties of PbTe. The 
results showed the formation of a thinner diffusion barrier, 3 µm, which is still continuous 
and homogeneous along the contact of PbTe to Ni. The effective separation of PbTe and 
Ni is still obtained due to the Ni3Te2 compound diffusion layer. 
This work also involved a detailed investigation of the crystal structure of Ni3Te2 
compound, which is found at the interface of Ni to PbTe. The geometry of the generated 
sample does not allow for an ordinary XRD study of the phase identification and 
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orientation analysis of the Ni3Te2. Therefore, the study was conducted using the electron 
backscattered diffraction (EBSD) technique. It was found after the discovery of 
pseudosymmetry issues in the indexation of Ni3Te2 for monoclinic symmetry that 
information on the Ni-Te binary system was unclear and never investigated using 
microscopic techniques. The resolution of pseudosymmetry using PESUDO software from 
the Bilbao Crystallography Server demonstrated that a substitution of monoclinic 
symmetry for virtual tetragonal symmetry was necessary to obtain high phase indexation 
and reliable orientation information. Furthermore, the order-disorder transition in the 
nickel telluride phase was proven to exist when cooling from high temperature tetragonal 
Ni2.86Te2 to a room temperature structure: monoclinic Ni3Te2 or tetragonal Ni2.86Te2, 
both described as superstructures. 
Finally, the PbTe prototype TE multicouple fabricated using the fast welding 
technique in SPS for joining n- and p-type PbTe to Ni was tested at the hot side 
temperature of 813 K. The results on internal electrical resistance and the obtained power 
led to the conclusion that a better method of multicouple assembly should be selected, 
whereas the calculated efficiency was drastically underestimated by the testing 
equipment due to limitations in its tooling for heat transfer purposes. 
9.2. Future work 
The findings in this PhD thesis are related to the engineering side of fabrication of 
a thermoelectric generator. The optimization of a fast process for bonding lead telluride 
thermoelectric material to metallic electrode, while generating an effective diffusion 
layer, is viewed as a step forward to a cost effective method for thermoelectric application. 
Therefore, further investigation on the described method could lead to: 
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• Study of the maximum sample diameter and thickness to still obtain an 
effective diffusion barrier and stable mechanical properties of the TE 
material  
• Study of the possibility of stacking samples and increasing the production 
of thermoelectric legs 
Alternatively, this fast method of bonding could be applied to other lead chalcogenide TE 
materials which have recently been reported with high figures-of-merit, for instance 
quaternary compounds [24]. This would obviously require optimization of electrical 
current, pressure, and possibly the interface The PbTe/Ni composition would change. 
Nevertheless, it is necessary for the future of thermoelectric applications to look into the 
bonding of materials with great potential for large efficiencies in TE multicouples to find 
out whether viable contacts can be obtained. 
Complementary, a more in depth study on bonding stability of generated interface would 
better asses the long term performance of PbTe/Ni interface in thermoelectric 
multicouples. In this thesis, thermal stability of PbTe/Ni was studied at 803 K after 360 
hours under vacuum, however, these TE multicouples are expected to perform for years 
and many (thousands) of thermal cycles. Therefore, I suggest that some interesting work 
could be done in thermally cycling the PbTe/Ni bond for longer period of times, and since 
electromigration is always a potential degradation mechanism testing should be run 
under electric load. Moreover, it is known that higher degradation of PbTe occurs while 
under vacuum and high temperatures. Another potential study could investigate the 
mechanisms occurring when thermal tests are produced using Argon or N2 gases. 
In regards to the fabrication of the TE multicouple, improvements need to be made in the 
adhesion of Ni electrode and interconnector strips, possibly using an adequate brazing 
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paste. Moreover, the efficiency and multicouple’s ZT should be measured in a more 
suitable testing device. 
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